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Abstract 
Recycling is the best way to manage construction and demolition (C&D) waste. The 
negative environmental, social, and economic impacts on waste disposal to landfills, 
increasing waste generation with the population increase, community demand to recycle 
more, and national waste policies and legislations on recycling waste, have demanded the 
need for “recycling the C&D waste”. The C&D waste recycling sector in Queensland is 
reasonably mature and several significant players are actively involved in the sector. More 
than half of C&D waste consists of concrete and therefore an increase in recycling of C&D 
waste generates more recycled concrete aggregates (RCA). It is important to investigate 
applications/end-users of these recycled materials.  
Roads are one of the biggest assets in any country. Construction and rehabilitation of roads 
demand a large volume of crushed rock as granular layers, stabilised granular layers, and 
aggregates for asphalt production. If RCA can replace the use of crushed aggregates in 
road/pavement construction, the benefits can be gained through (1) reducing waste and add 
value to resources and construction, (2) reducing energy consumption, CO2 emission, 
transportation cost and (3) reducing depletion of natural resources (rock).  
The use of RCA as a granular pavement material is limited due to several reasons such as: 
inconsistent properties and performance caused by the presence of other constituents such as 
asphalt, bricks, glass etc, lack of research on the characteristics and performance of RCA as 
granular pavement material, standards/guidelines of RCA as a granular pavement materials 
are limited and based on limited research. This research was designed to address the above 
issues by conducting laboratory experiments on RCA to investigate the effects of different 
constituents, reclaimed asphalt pavement (RAP), moisture content, and confining pressure on 
classification, strength, and performance characteristics of RCA. The classification, strength, 
and performance characteristics of RCA were then compared with those of standard granular 
materials specified by the Department of Transport and Main Roads, Queensland Australia. 
First, the research study was aimed to investigate the effect of constituents on the 
characteristic and strength properties of RCA. The constituents are generally mixed at the 
crushing process of waste concretes. The outcomes show that the presence of constituents 
decreases characteristic and strength properties. RCA obtained from clean concrete exhibited 
best characteristic and strength properties when they are compared with the specifications of 
standard granular materials. The residual cement in RCA exhibits the requirement of an 
adequate curing time period for re-cementing and gaining the strength. Three hours of 
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moisture homogenisation period and four days of curing period for compacted specimens 
were observed as the sufficient curing periods. The RCA undergo particle breakage during 
compaction and significantly alter their PSD. Therefore, it is important to use PSD obtained 
after compaction when classifying RCA samples.    
Investigation of the effect of RAP in RCA highlights a common trend of decreasing the 
quality in both physical and mechanical properties with increasing the RAP percentage. The 
outcome shows the RCA containing RAP in a lower percentage slightly affects performance, 
while the higher percentage of RAP over about 15% tends to diminish the performance of 
RCA. However, the rut formation of RCA begins to steadily behave although the 
accumulated rut depth gradually increases with RAP percentage up to 20%. The 
investigation was extended to determine the temperature sensitivity of the bitumen on the 
properties of RCA mixed with RAP and an insignificant effect is observed at the oven 
temperature (105
0
C) while the ignited temperature significantly (540
0
C) affects the physical 
properties. 
Investigation of the performance characteristics of RCA exhibited low moisture sensitivity 
on the elastic deformation when it is tested with the degree of saturation (DoS) within the 
range of 60-80%. RCA do not exhibit greater resilient moduli comparable to the high 
standard base layer materials within tested loading cycles 50,000 in RLT (Repeated Load 
Triaxial) test. However, a continuous increasing of the resilient modulus with number of load 
cycles was observed and positively indicates decreasing of elastic strain. In contrast, RCA 
showed less plastic deformation below 1.00 mm when it is tested with DoS less than 60% in 
the wheel tracker (WT) test. The elastic and plastic behaviours of RCA highlight a 
significant characteristic that the lower resilient moduli do not indicate in lower or weak 
permanent deformation resistance of RCA. The results of these performance tests were 
analysed to enhance constitutive models to predict the resilient modulus and permanent 
strain of RCA by taking stress level up to 750kN and moisture content (60-80% of DoS). 
The applicability of these models for RCA was verified by conducting and analysing the 
results of some additional RLT tests.  
Based on the characteristic, strength, and performance properties of RCA, guidelines to be 
used when choosing RCA for flexible pavements were developed. 
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1Chapter 1: INTRODUCTION 
1.1 BACKGROUND 
Construction and demolition (C&D) waste consists of a range of materials including 
high-value materials and resources for new constructions. There are many 
opportunities to extract them through recycling the waste before disposal as land fill. 
Recycling is one of the fundamental strategies in waste management to gain benefits, 
by reducing the demand upon new resources and cutting down the transport and 
production energy cost. Some factors also provide an incentive to enhance the 
industry of recycling of C&D waste, such as increased land filling charges and 
increased reclamation rates for high-value materials (e.g. metals and hardwood 
timber, etc.) (Hyder Consulting  2011a). If these measures would contribute to 
replacing a greater portion of virgin aggregates by the recycled products of C&D 
waste, this would make an impact on the production quantity of crushed rocks. The 
decreasing demand on quarry products thereby directly impacts on reducing quarry 
mining. This leads to more benefits through reducing the natural resource depletion, 
environmental degradation, and energy consumption that are engaged with mining 
activities. Therefore, recycling and reusing the C&D waste creates many economical 
and environmental benefits and enhances sustainability in the construction material 
industry.   
According to the “Construction and demolition waste status report-October 2011”, a 
total of 8.5 million tonnes of C&D waste was disposed in Australia in the 2008-2009 
financial year. It was 47% out of the total waste and has recovered only 55% of C&D 
waste. However, the recovered percentage was lower in the state of Queensland than 
the national recovery, which was only 37% from their C&D waste (Hyder Consulting  
2011a).  It is indicated that Queensland has to come up with more recycling of C&D 
waste, meanwhile exploring the opportunities for utilization of the recycled products. 
Therefore, the report for the “Queensland waste strategy 2010-2020”, aims to 
upgrade the recycling C&D waste, which was only 35% in 2008, up to 50% by 2014, 
60% by 2017 and 75% by 2020 (Waste Policy Unit  2010). 
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Concrete constitutes the major proportion of the total among the various types of 
C&D waste, and is greater than 50% in Australia (Tam  2009). Therefore, recycling 
concrete to produce the crushed aggregates is one of the sustainable outcomes of 
waste management. Meanwhile, the consumption of recycled concrete aggregates has 
to be spread over the different engineering applications to increase the demand on it. 
Maintaining a consistent demand on crushed concrete creates an incentive to attract 
investors to the concrete recycling industry. Building up a market space in the 
building material industry is a key factor to promulgate concrete recycling as a 
steady and stable industry. Creating opportunities for the application of recycled 
concrete aggregates (RCA) in civil and geotechnical engineering applications is the 
way to increase the market value on RCA. However, it is not possible without 
sufficient data and information on the engineering properties of RCA to enhance the 
reliability and attraction of the contractors.  The lack of engineering specifications on 
RCA makes agencies and/or authorities otherwise reluctant to permit it as a 
construction material. Therefore, more research and investigations are required to 
evaluate the physical and mechanical properties of RCA. Furthermore, there should 
be a continuous and systematic process to constantly evaluate those properties to 
assist industrial requirements.  
Land filling is the most popular application of RCA in Australia (Australia  2008c). 
Further, crushed concretes are also being used in many large and small plumbing and 
drainage infrastructure projects such as sewer pipe bedding, backfill to retaining 
walls and vehicle crossovers (Australia  2008c). Utilization of recycled concrete 
aggregates in granular layers in flexible pavements is a viable alternative since roads 
typically demand a huge volume of crushed aggregates. The subsurface layers (base 
and sub-base courses) of flexible pavements consist of granular materials. Granular 
layers as the structural portion of the flexible pavements should be constructed with 
adequate stiffness to sustain the traffic load and to efficiently spread the load to avoid 
damages to the subgrade (bottom material layer of a pavement). Therefore, to 
successfully achieve the utilization of RCA in flexible pavements, RCA has to be 
shown adequate qualities incorporating the required specifications.  
Studies on RCA as pavement material have been widely reported in the last decade. 
The majority of these studies have been focused on characterising the RCA as a 
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treated material by adding substitutes such as crushed rock, sand, cement, limes, 
crushed bricks, etc (Behiry  2013; Conceicao et al.  2011; Poon and Chan  2006; 
Poon et al.  2005). However, the characteristics of crushed concrete aggregates could 
be varied region-to-region due to the properties and quantities of the constituents 
(bricks, glass, wood, ceramic tiles, asphalt particles), which are mixed with RCA at 
the crushing process. Further, the properties of the used cement and aggregates of the 
parent concretes will influence and deviate the properties of RCA in regionally. This 
highlights the significance of studying RCA at different regional, state or national 
levels, to avoid the contradiction made by inconsistent results. The inconsistent 
properties of RCA are governed by the major constituents, which are mixed at the 
crushing process of concretes. Reclaimed asphalt pavement (RAP) is one of the 
major constituents in RCA in Australia and its impact on the properties of RCA has 
not been properly investigated. The bitumen in the RAP is sensitive to the 
temperature, thus could impact on physical and mechanical properties of RCA. 
Therefore, road authorities are not convinced about consistent properties of RCA due 
to lack of technical information about the effect of RAP on RCA. 
Although there is available information on the different classification properties and 
performance characteristics of RCA, it is hard to find a detailed investigation of 
characterization under a single study, particularly in the state of Queensland, 
Australia. This research study fulfils this requirement through a comprehensive 
investigation on physical and mechanical properties of RCA with the impact of RAP 
on RCA. It is required to assess the RCA through detailed testing protocol, since the 
constituents of crushed concrete substantially differ from traditional quarry rocks. 
Therefore, this study is primarily focused on the effect of constituents on the 
inconsistency of the classification and strength properties. Investigation of the effect 
of RAP on the physical and mechanical properties of clean RCA and investigation of 
the effect of temperature on RCA mixed with RAP were the major study areas to 
address the industrial requirement. These are further extended to explore the 
performance characteristics of clean RCA under different conditions, to exhibit and 
predict its behaviour as a pavement material. It highlights the importance of the 
research study in that it is an investigation of both physical and mechanical 
characteristics of the same bulk of RCA materials with the impact of RAP under a 
single project title. Both physical and mechanical properties together are guided, for 
Chapter 1: INTRODUCTION 
4                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
more precise evaluation of the characteristics of RCA and its deviation with the 
presence of RAP. Ultimately, with these research out comes, it is expected that RCA 
will become more popular in the pavement industry, since use of crushed concrete as 
an unbound pavement material is a promising concept from both environmental and 
economic standpoints. 
1.2 RESEARCH PROBLEM 
Development of research and studies on the properties of pavement materials’ 
behaviour is being moved forwards with lot of information and understanding over 
the past years. However, this progressive development has tended to focus on 
conventional materials, and the alternative materials like RCA have received less 
attention. Therefore, a research problem was identified based on the limited 
engineering applications of recycled concrete aggregates in the pavement industry, 
particularly in Queensland, Australia. The key elements of the research problem are 
introduced as follows;                           
 Mixing the wastes of bricks, wood, glass and asphalt with crushed concrete is 
possible at the crushing process of concretes. The reclaimed asphalt 
pavements (RAP) have been identified as a major constituent present in the 
RCA. The RCA mixed with RAP is sensitive to the temperature due to the 
presence of bitumen in RAP. Thereby, problems occur when selecting the 
RCA as a granular pavement material due to the lack of comprehensive 
experimental data on the effect of RAP on RCA, in classification, strength 
and mechanical properties. It highlights the requirement of investigations on 
the effect of constituents on RCA, particularly the effect of RAP as the major 
constituent. 
 RCA is consisted of residual cement, which is sensitive to moisture. 
Therefore, investigating the moisture sensitivity under various stress 
conditions with respect to the load cycles is required, to determine the 
performance characteristics of RCA as a granular pavement material. 
Predicting the performance characteristics of the RCA under different stress 
and moisture conditions is important in pavement design.  Unavailability of 
such performance behavioural data makes problems in designing pavements 
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using RCA as a granular material. Thereby, what required is a strong 
technical background with the evidence of performance characteristics to 
improve the reliability of RCA as a general construction material in the 
pavement industry. 
The discussed research problem was identified the requirement of investigating the 
effect of RAP and moisture sensitivity on physical and mechanical properties of 
RCA. 
1.3 AIMS AND OBJECTIVES 
Aim 
To investigate the properties of recycled concrete aggregate as an unbound pavement 
material.  
Objectives 
The general objective of this research is to increase the awareness of the physical and 
mechanical properties of recycled concrete aggregates. The specified objectives are: 
1. Investigate the applicability of standard granular test methods on the RCA. 
2. Investigate the effect of RAP on physical and mechanical properties of clean 
RCA. 
3. Study the elastic and plastic behaviour of RCA under different stress and 
moisture conditions, and enhance constitutive models to estimate the elastic 
and plastic behaviour. 
4. Develop guidelines based on the characteristics of RCA for using as unbound 
pavement material.  
1.4 SIGNIFICANCE OF THE RESEARCH 
The outcomes of the research study highlight the following key significances;  
 It will strengthen the information on engineering characteristics of RCA to 
establish as suitable granular material for the flexible pavements. 
Chapter 1: INTRODUCTION 
6                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
 Enhance the confidence of the contractors and highway authorities on the 
potential use of RCA under traffic loads. 
 Promote recycling waste concrete for sub-layer materials in different traffic 
volume roads that is a viable solution for waste management. It would reduce 
the waste materials going to land filling.  
 RCA as an alternative for conventional aggregates leads to preservation of 
natural resources. Replacing the quarry aggregates with RCA creates more 
significant benefits by reducing the environmental impacts engaged with 
quarry mining activities.  
 Ultimately, use of RCA as pavement material is a foremost application for 
economic benefits to be gained as well as aspects of sustainability in the 
pavement material industry.   
1.5 SCOPE OF THE RESEARCH 
The experimental study is based on three products of recycled materials, including 
two products of crushed concrete aggregates and recycled asphalt materials. They 
were obtained from a leading concrete recycling plant in Queensland, Australia. The 
products of the RCA were categorized as “clean RCA” where the major constituents 
are excluded and as “dirty RCA” where the major constituents are included. These 
materials were blended together with different ratios to form new specimens for the 
tests. Materials were blended and tested to evaluate the variability of compositions in 
RCA in terms of physical properties, and to evaluate the effect of RAP in clean RCA 
on physical and mechanical properties. 
The laboratory experiments were conducted including classification tests, strength 
property tests, and mechanical property tests. The classification and strength 
properties were tested with the tests methods of standard granular pavement 
materials. The mechanical properties were tested under two performance tests. 
Australian standard test methods and the standard test methods of QDTMR were 
followed for the all laboratory experiments. Further, the standard material 
specifications for pavement constructions of the QDTMR were used to evaluate the 
obtained characteristics of blended RCA specimens.   
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1.6 THESIS OUTLINE 
The thesis organized with eight chapters. Chapter 1 details the background 
information of the waste production and the incentives leading to the research area.  
It presents the objectives and significance of the study, together with the organization 
of the thesis. All the background information was gathered under the literature 
review in Chapter 2. It is aimed at outlining the required information of classification 
tests, strength property test, performance tests, pavement design specifications, 
pavement materials and constitutive models of pavement materials. Chapter 3 started 
with a description of the research requirement based on the literature findings. The 
chapter explains the research methodology with the details of tests-programmes. The 
test methods followed together with the test machines were explained, with the 
details of specifications of unbound pavement materials in Queensland, Australia. 
Chapter 4 discusses the results of “Testing programme-1” conducted on the blended 
RCA samples. Chapter 5 presents the results of “Testing programme-2” conducted 
on the RCA mixed with RAP specimens. Both Chapters 4 and 5 detail the 
classification and strength properties. Chapter 6 discusses the first part (repeated load 
tri-axial test programme) of the “Testing programme-3”. The results of RLT tests are 
presented with discussion of elastic and plastic characteristics of the materials. This 
chapter covers the limited analysis of the plastic behaviour of the materials in terms 
of the shakedown concept. Further, the analyses of elastic and plastic behaviour of 
the material in terms of constitutive models are presented. Chapter 7 reports results 
and discussion of the second part (wheel tracker test programme) of “Testing 
programme-3”. It includes the discussion of plastic behaviour of the materials under 
the condition of a moving wheel. Chapter 8 summarizes the key finding of the 
research and presents suggestions for future research. 
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2Chapter 2: REVIEW OF THE LITERATURE 
2.1 INTRODUCTION 
The literature review is presented in this chapter to show the originality and relevance 
of the research problem. This literature review has created a rapport with existing 
information by sharpening its research focus on literature that has maximum research 
output value. The key areas chosen are affiliated to: 
 Understanding of the pavement structure, load conditions and pavement 
designing procedure  
 Review the classification test methods to define the properties of pavement 
material  
 Understand the behaviour of pavement materials under repeated loading 
conditions and influencing factors on the performance characteristics 
 Review the specifications for pavement materials and the development of 
using recycled materials in pavement industry 
 Develop an understanding of recycled concrete aggregates, discuss the 
sustainable outcomes by using recycled concrete aggregates in constructions 
 Different pavement types and the role of each layer in pavement structures are 
detailed in sections 2.2 and 2.3 to develop an understanding the base of the research 
field. The laboratory classification methods of determination of the properties of 
pavement materials and their performance evaluation tests are discussed in sections 
2.4 and 2.5. The industrial practice in recycled materials and recycled concrete 
aggregates are discussed together in Sections 2.6 to 2.8.  
The summary is drawn in section 2.6 with an understanding of the research gap, and 
the requirements for investigation of the capability of using recycled concrete 
aggregates in the pavement industry. 
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2.2 PAVEMENT TYPES 
Pavement is a layered structure that consists of selected materials in different layers. 
Pavements perform as an engineering structure to meet functional requirements of 
traffic loads. Thickness of the layers, quality of the materials, and load sustained are 
considered as structural performance of a pavement to facilitate a comfortable ride 
under various loads of vehicles (Sharp and Group  2005).  
Pavements are being constructed under two categories, as either rigid or flexible. 
Rigid pavements typically consist of a high strength concrete layer placed over the 
subgrade (natural ground or man-made earth works) with or without middle layers. 
Figure 2.1 illustrates a typical section for a rigid pavement. Rigid pavements are 
substantially stiffer than flexible pavements due to the high modulus of elasticity of 
the concrete material, resulting in very low deflections under loading(Youdale and 
Sharp  2007).  
The literature covers more on flexible pavements in detail, in the following sections, 
since the studied materials are to be used as granular materials in flexible pavements.  
 
 
 
 
 
 
 
 
2.3 FLEXIBLE PAVEMENTS 
Flexible pavements typically consist of a wearing surface placed over a granular base 
layer and supported by a sub-base layer and subgrade as shown in Figure 2.2. The 
generic components of flexible pavements detail in following sections. 
 
 
 
Pavement 
structure 
Concrete layer 
Sub-base 
Subgrade 
Figure 2.1 Typical section of a rigid pavement structure 
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2.3.1 Subgrade 
The sub-grade is either the in-situ soil or a layer of selected materials, which is placed 
above the in-situ material (Sharo and Group  2005). Conditions of the subgrade, 
topography, soil type, and drainage conditions, have to be considered prior to the 
pavement design. Then weak subgrades are improved in order to provide sufficient 
support to the upper layers of pavement structures and to withstand the stresses 
applied under heavy traffic loads. The improvement is achieved through either 
stabilisation of in-situ materials or by introducing a capping layer (Sharp and Group  
2005).  
Subgrade stabilisation  implies the addition of a binder (cement or lime) to the 
subgrade soils by in-situ stabilisation or improving  subgrades with  geo-fabrics or 
geo-grids etc(Andrews and Group  2006).  The stabilized subgrade provides a strong 
base to withstand load from the heavy vehicle. Studies on  subgrade stabilizations 
with various materials is a developing research field since strength of subgrade makes 
a significant impact on the performance of pavement structures. Investigations on 
recycled materials as alternatives for stabilization binders and materials are becoming 
popular to reduce the demand on natural sources and then to reduce the cost. 
Strengthening the subgrades with fly ash under various conditions has been seen in 
recent past studies (Ahmaruzzaman  2010).However, the improved subgrade should 
 
Pavement 
Structure 
 
Wearing Surface 
Base 
Sub-base 
Capping layer 
 
Subgrade 
 
Figure 2.2 Components of a flexible pavement structure 
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be of facilitated higher stiffness to withstand the transferred load from the granular 
base and sub-base layers with minimum deformation on the pavement structure 
(Andrews and Group  2006).  
2.3.2 Capping Layer 
A capping layer is an optional component in flexible pavement structure where a 
weak subgrade is presented. When the subgrade CBR < 5% a capping layer is 
required to protect subgrade during construction by avoiding the adverse effects of 
rainfall and then upgrading the strength of the subgrade(Jameson and Group  2008). 
The capping layer provides an adequate working surface to continue efficient 
construction of the pavement structure. Selection of the granular materials and 
thickness of the capping layer depend on the subgrade quality and the design traffic.  
2.3.3 Sub-base Layer 
The sub-base course is the layer of material on top of the sub-grade or capping layer 
consisting of low quality materials compared to base layer materials.  A pavement 
structure can consist of more than one sub-base layer to two parts as upper and lower 
sub-bases to make up additional thickness and/or provide a strong working platform 
according to the designed traffic volume. The main functions of a sub-base layer in a 
granular pavement are as follows(Voung et al.  2008):  
 Reduce the stress/strain applied to subgrade by reducing the intensity of 
traffic loads transmitted through upper layers. It provides adequate stiffness to 
avoid excessive permanent deformation of the subgrade 
 Compacted sub-base layer facilitates a platform for transportation of base 
materials, placing them and compacting to the required standards  
 Protect the subgrade from moisture infiltration where capping layer is not 
presented. Depending on the pavement design requirements, the level of 
permeability of upper and lower sub-bases has to be decided in conjunction 
with appropriate sub-surface drainage. 
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2.3.4 Base Layer 
The base course is the layer of material immediately beneath the wearing surface. It is 
composed of high quality materials such as crushed rocks, asphalt, and stabilised 
material since the base course is the main load-carrying layer in a flexible pavement.  
Many factors are considered in designing the base course to provide sufficient 
stiffness. High stiff base course(Sharp and Group  2005): 
 Distributes traffic loads by reducing stresses in the sub-base and subgrade to 
avoid excessive pavement surface deformations.  
 Supports the wearing surface to reduce the cracking due to tensile fatigue. 
 Avoids the penetration of aggregates in wearing surface under heavy wheel 
loads.  
Permeability of the base course is most significant where low permeability is 
recommended to restrain the access of water into the underlying layers(Jameson and 
Group  2008). 
More details of base and sub-base layers are discussed, concerning the materials, load 
distribution, standard specifications and design under the following sections.  
2.3.5 Wearing Surface 
Surface courses withstand vehicular loading and environmental effects to provide a 
safe functional riding surface with reduced noise. This protects the underlying 
pavement structure from weathering, particularly from moisture ingress.   
Most commonly used surface courses are sprayed bituminous seal, asphalt and 
concrete. Sprayed bitumen seal is formed by single-sized aggregates rolled into the 
bitumen binder. It provides water-proof, skid resistant surfaces for safe driving. The 
sprayed bitumen sealing is known as being low cost and flexible and provides a 
durable, safe and dust free surface(Dunlap  1966).Asphalt and concrete wearing 
surfaces play the role of structural layer in a pavement. Asphalt as a mixture of 
bituminous binder and aggregates is laid 30-50mm on the base layer and its structural 
contribution to a pavement is not of much significance (Jameson and Group  2008).  
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2.3.6 Loading and Deformation of Flexible Pavements 
Loads on pavements are considered in terms of axle groups, the range being single 
axle with single tyres (SAST) in light vehicles to quad-axle with dual tyres (QADT) 
in heavy vehicles. The pavement structure should be strong enough to withstand the 
loads of the heaviest of these vehicles and the cumulative effects of the passage of all 
vehicles. Comfortable riding as well as acceptable limits of deterioration during the 
design life are major concerns with respect to load bearing on pavements (Jameson 
and Group  2008). 
A moving wheel makes a complex stress pattern on the materials of granular layers. 
Figure 2.3 shows the variation of the stress of an element associated with a moving 
wheel and the stresses’ variation with time. There are positive vertical and horizontal 
stresses while the shear stress is reversed as the load passes. The reversed shear stress 
results in a rotation of the principal stress axes causing a complex stress distribution 
for cumulative moving loads (Lekarp et al.  2000a). 
 
Figure 2.3 Stresses beneath moving wheel load (Lekarp, et al.  2000a) 
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The concentrated wheel loads on the pavement must transfer to the subgrade through 
base and sub-base layers. The properties of these layers are very important for proper 
load distribution to avoid excess deformations. The induced stress is highest in the 
upper layer and diminishes with depth as illustrated in Figure 2.4.  Pavement layer 
thicknesses and their stiffness play a major role to effectively disperse stresses.  
 
 
 
 
Figure 2.4 Stress distribution of flexible pavement structure  (Kumar and Patil  2006) 
As shown in Figure 2.5, stress-strain relationship of unbound granular layers under 
repetitive load is non-linear. The resilient strain is recoverable after load is removed 
and the plastic strain indicates permanent deformation. With the additional load 
cycles, the accumulated plastic strain is seen as rutting in pavement surface.   
 
 
Surface loading 
Upper Sub-base Layer 
loading 
Lower Sub-base Layer 
Base Layer 
Subgrade 
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Figure 2.5 Strains in granular materials for one load cycle (Lekarp, et al.  2000a) 
 
Continuous vehicular loads cause permanent and resilient strains in the compacted 
layers as results of the three main mechanisms; consolidation, distortion and 
attrition(Jameson et al.  2010). Consolidation explains the change in shape and 
compressibility of material assemblies.  
Distortion mechanism of the materials governs by the inter-particle frictional 
resistance. Bending, sliding and rolling are the characteristic features of distortion. 
The flat and flaky materials lead the bending while sliding and rolling lead by the 
rounded grains.   
The effect of attrition is caused by the fragmentation and degradation of materials 
under the applied load. Strength of the materials, shape and size are the influencing 
attributes of materials for attrition, which depend on the magnitude of the applied 
stresses (Goder et al.  2002). 
The deformation of the compacted granular layers could be observed as either 
volumetric or shear or both. Different combinations of the above three mechanisms 
leads the volume and shear strain. It can be ascertained that consolidation and 
attrition mechanisms are contributed to volumetric strain while the distortional 
mechanism contributes to shear strain(Lekarp, et al.  2000a). However, the behaviour 
of granular materials under stress conditions is quite complex to study in laboratories. 
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Distribution of the stress and development of the strains in pavement structures are 
prominent factors of pavement deformation and significant parameters for pavement 
designs. Therefore, performance-based material properties have to be investigated 
prior to their applications. The repeated passage of loaded vehicle wheels over the 
materials can be simulated by the repeated load tri-axial (RLT) test and wheel tracker 
(WT) test to determine the performance characteristics of compacted material at the 
laboratories. However, in some cases, the performance characteristics are not taken 
into the design process of the pavement structures and totally depend on the 
classification properties of the materials. The following section discusses the 
pavement design procedures and the importance of considering the performance 
characteristics of pavement materials in pavement design. 
2.3.7 Structural Design of Flexible Pavements 
Designing and construction of roads are involving a lengthy process where factors 
such as efficiency, safety and cost are given more care and attention before any 
construction begins. The preliminary factors for considering road construction can be 
idealized as following; (Francois and Jullien  2009) 
 Topography such as route, access, hydrology and drainage, cut and fill 
 Exiting soil and determining the structural requirement for drainage  
 Weather conditions like rainfall and temperature variations, durability of the 
materials used 
 Traffic or load levels and structural requirements 
 Primary and secondary facilities and then acceptable quality and maintenance 
 Available materials and contractors 
 Finally the design life, estimated budget and the maintenance cost 
After the preliminary investigation, the pavement structure design is carrying out by 
giving priority to the required load sustained within design life period. The 
anticipated traffic load is measured by average daily volume for the design life of the 
pavement with the following principal variables: (Lenz  2011) 
• Vehicle wheel load and/or axle load.  
• Configuration of vehicle wheels or tracks.  
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• Volume of traffic during the design life of pavement.  
Pavement structure design procedure is contained in either the empirical or 
mechanistic method or perhaps combination of the both.  
Empirical Design 
The empirical procedure determines the minimum thicknesses of granular pavement 
layers according to the predicted traffic volume and design CBR index of subgrade 
and granular layers. Values of input parameters in these design charts are pavement 
design period, traffic load distribution and material characteristics (MainRoads  
2009). The design traffic loading is measured as the number of equivalent standard 
axles (ESA’s). A tentative pavement structure is selected considering the available 
pavement materials and their characteristics for granular layers. Basically, the 
specified standard soaked CBR values of granular materials are considered for the 
material selection. Before the adoption of the designed pavement, it is confirmed 
again that the minimum thickness of granular layer has satisfied the designed 
requirements.  
Evaluation of the input parameters and analysing the effect of stress and strain on the 
pavement structure are excluded in the design process. Subgrade evaluation and 
material selection for sub-layers are based on the CBR index and performance 
characteristics of materials are not considered. Therefore, empirical design procedure 
is limited in its applications to road pavements that are composed of layers of 
unbound granular materials or modified granular materials as well as for the roads 
that carry normal load and highway traffic (Bhutta  1998). The other negative factor 
of the empirical method is that it can be applied only to a given set of environmental, 
material and loading conditions, and if these conditions are changed, the design is no 
longer valid (Huang  2004). 
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Mechanistic Design 
The mechanistic pavement design procedure can be simply presented in the following 
three steps; (MainRoads  2010a) 
(1) Evaluate the input parameters; 
 Select a trial pavement and a desired project reliability 
 Determine the elastic parameters for the in-situ subgrade and selected 
subgrade materials,  granular materials, cemented materials and asphalt 
 Determine the thickness of the granular sub-layers (base & sub-bases) 
 Determine the pre- and post-fatigue cracking of cemented materials and 
asphalt 
 Adopt the strain failure criterion 
 Determine the design number of Standard Axel Repetition (SAR) for each 
relevant distress mode 
(2) Analysing the trial pavement to determine the traffic volume 
 Design a load distribution model with approximate wheel loading, vertical 
stress on the surface, loading area on the pavement surface, length of the 
standard axle etc. (e.g Vertical tyre load 20 kN, Uniform vertical stress 750 
kPa (Youdale and Sharp  2007) ) 
 Select the location for strain calculation in pavement structure such as bottom 
of asphalt layer, top of subgrade 
 Calculate the maximum compressive and tensile strains at the selected 
locations using the pavement design software (e.g. CIRCLY) 
(3) Accept or reject the trial pavement 
 Using material performance equations, determine the allowable number of 
Standard Axle Repetitions for each of the relevant distress modes 
 The trial pavement is acceptable if the allowable number of Standard Axle 
Repetitions exceeds the design number of Standard Axle Repetition of each 
layer in the pavement structure. If  it is unacceptable, a new trial pavement has 
to be selected and the same procedure repeated 
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The advantages of mechanistic methods are the high reliability of the design, the 
ability to predict the types of distress and strain criterion, and the feasibility to 
extrapolate from limited field and laboratory data (Papagiannakis and Masad  2008).  
Strain calculation of the trial pavements is the most significant step in mechanistic 
pavement designing. Figure 2.6 illustrates typical locations of stress and strain 
analysis in pavement structure(Mulungye et al.  2007a). Analysing is done to the 
horizontal tensile strain at the top and bottom of the asphalt layer (   , compressive 
strain on top of the bound base layer (   , and vertical compressive strain (  ) in the 
subgrade. The vertical strains in the subgrade lead to rutting deformation in unbound 
layers and asphalt along wheel load path. The horizontal tensile strains produce 
fatigue cracking in the surface course(Kandhal and Stroup-Gardiner  1998). 
Mechanistic pavement design programs such as CIRCLY are used to calculate those 
stresses and strains in the case of analysing the trial pavement to determine the traffic 
volume. Properties of the imported material in each layer are required as input 
parameters in the design process. For the standard granular materials, the properties 
are measured and records are kept for pavement designs, since it is a time consuming 
process to evaluate material for each design process. Therefore, contractors are 
reluctant to use new materials such as RCA where the information and records of 
material evaluation data are not available.  
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Figure 2.6 Typical location of stress-strain analysis in a flexible pavement 
structure(Mulungye et al.  2007b) 
 
Where, 
P- Uniform load           - Tensile strain,  
   - Compressive strain      - Compressive stress      
   - Compressive strain on subgrade 
In the empirical design method, material selection is based on the characteristics and 
strength property values. Basically, California bearing ratio values (Soaked CBR 
values) are considered as the key designing parameter of the unbound layers. 
However, CBR is not the sole measure used to assess adequacy of unbound granular 
materials. The other material classification properties such as plasticity, particle size 
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distribution, etc. have to be adopted according to the standard specifications(Voung, 
et al.  2008). In the mechanistic design process, material selection is based on its 
elastic parameters, such as modulus and poisson’s ratio. In addition, the plastic 
deformation records are used to rank the materials in order of their stiffness. 
Therefore, it is significant to assess physical and mechanical characteristics of the 
granular materials. Particularly, a new pavement material has to proceed through 
material classification tests as well as performance tests to confirm its potential as a 
pavement material. 
2.4 CLASSIFICATION OF UNBOUND PAVEMENT MATERIALS 
Characterisation of unbound granular materials with the classification tests is 
important to assess, in accordance to their utilization in different layers under 
different traffic volume pavements(Papagiannakis and Masad  2008). The 
classification scheme describes the inherent attributes of granular materials with 
respect to the load sustained capability. These properties are discussed by particle 
size distribution, clay and silt content, particle shape and texture, compaction density 
and moisture sensitivity, material strength and durability. Consequences of 
distinguishing each property have been discussed in this section. 
Particle size distribution (PSD) 
The particle size distribution of a particular material has the ability to differ the 
performance of compacted granular material layers by controlling the internal 
friction, void content and permeability(Papagiannakis and Masad  2008). A well-
graded distribution of material allows each size to fit into the voids to make a higher 
inter-particle contact after the compaction as shown in figure 2.7. Well-compacted 
materials strengthen by inter-particle friction and generate higher stiffness (Jooste et 
al.  2007). When the materials are not in the favourable range of particle size 
distribution it makes it difficult to achieve the target compaction. 
A dry sieve analysis test is commonly used for granular materials to determine the 
PSD. The comparison of the material PSD curves of a particular material with the 
standard specifications is needed to determine the desirable modification either by 
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adding coarser or finer particle or both. This is to upgrade the qualities of materials 
according to the standard specifications. 
 
Figure 2.7 Well-compacted aggregates with higher particle inter-lock (Jooste, et al.  2007) 
Clay and silt content 
The quantity and type of fines have a vital influence on the behaviour of granular 
materials. Water absorption, volume changes associated with moisture variations, 
shear strength, elastic and plastic deformation properties are affected by the presence 
of clay and silt fines(Aksakal et al.  2013). Specific amounts of clay fines are 
acceptable in pavement materials to improve the shear strength, workability and 
wearing resistance. However, higher quantity of clay fines lead to undesirable effects 
such as changes in the shape of pavement and reduced load sustained(Siswosoebrotho 
et al.  2005).   
Quantity of the fines can be assessed by dry sieve analysis or by the hydrometer test 
if required. The attributes of the presented clay type has to be assessed by 
determining its consistency limits. Fines’ behaviour as semi-solid, plastic and liquid 
states depends on the water content. The water contents at the boundaries between 
adjacent states are termed the shrinkage, plastic, and liquid limits 
respectively(Voung, et al.  2008). These limit values are determined by standard test 
procedures, which are detailed in Chapter 3. Further, the strength of cohesive fines 
has a greater impact on the strength of the compacted granular materials(Andrews 
and Group  2006). Contribution of these fines to strengthening the inter-particle 
bonds could be examined with an unconfined compressive strength (UCS) test. This 
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test is highly recommended to determine the influence of binder properties mixed 
with granular materials and has been detailed in Chapter 3. 
Particle shape and texture 
Particle shape and surface texture are important for proper compaction, stability, 
deformation resistance and workability. Materials should not be too flaky or 
elongated where they tend to impede compaction or easily break during compaction. 
However, more rounded particles create less particle interlock and angular shape 
particles are much desirable. The smooth surfaced particles reduce the internal 
friction for resistance. A rough surface texture is best to provide higher stiffness at 
the compacted state by excellent particle interlocking with one another(Basheer et al.  
2005). These properties are determined by the standard tests such as flakiness index 
(FI) and particle index to evaluate the influence of shape and texture of coarse 
aggregates.  
Compaction density and moisture sensitivity 
Granular layers require a proper compaction to achieve specified density within a 
satisfactory void content. Higher voids by inadequate compaction lead to loss of 
pavement shape and low resistance under loads. Lower compaction and more voids 
lead to higher moisture sensitivity and then reduce the strength due to increased pore-
water pressure(Voung, et al.  2008). Therefore, it is important to control the void 
content of the compacted layers during the construction by considering the material 
properties: maximum dry density, optimum moisture content, relative density, water 
absorption, etc. Higher moisture sensitivity, such as the materials having a large 
variation in strength for a slight change in water, has to be avoided where the 
flooding vulnerability is high. Therefore, examining the moisture sensitivity of 
pavement materials respective to the strength properties is mandatory prior to the 
material selection in specific locations. The responses of moisture to the strength can 
be predicted by the California bearing ratio test (CBR) and the performance 
behaviour can be judged by the repeated load tri-axial (RLT) test. These tests are 
detailed in later sections.   
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Strength and durability 
Pavement materials are finally evaluated by their strength and durability once they 
have covered other specified properties such as PSD, material size, shape, surface 
texture, fine content and mineralogy.  The capability to load sustain with higher 
resistance for deformation of the materials, is then assessed by diverse laboratory 
tests to predict the behaviour and the responses on vehicular loads. Each test 
represents and indicates specific properties of the materials, which influence the 
strength and durability. The California bearing ratio test, unconfined compressive 
strength test, ten percent fines value test, and Los Angeles abrasion ratio test are 
major classification tests for pavement materials to elicit the strength and load 
sustained (Papagiannakis and Masad  2008; Voung, et al.  2008). 
Classifications of unbound granular materials are based on characterisation of the 
above properties mentioned under each subtitle. It is an unavoidable process for a 
new pavement material, to reveal the inherent attributes and then to evaluate through 
comparison with standard specifications. Even some recycled materials including the 
RCA have been evaluated with some of the above classification tests; it is not seen as 
a detailed test programme under a single research investigation for RCA. It rigorously 
notices the requirement of such a test programme on RCA to record the properties in 
different perspectives.  
 
2.5 PERFORMANCE CHARACTERISATION OF GRANULAR PAVEMENT MATERIALS 
The performance of pavement and pavement materials under vehicular load can be 
simulated in the laboratory using a repeated load tri-axial test and wheel tracker test.  
The responses of the materials to the load cycles are examined with the plastic and 
elastic deformation characteristics. Association of Australian and New Zealand road 
transport and traffic authorities’ (Austroads Ltd) designing guides have recommended 
the use of elastic parameters (modulus and Poisson’s ratio) of base and sub-base 
materials for mechanistic pavement designs, whereas the plastic deformations are 
used for ranking the materials based on their stiffness (Jameson and Group  2008). 
Empirical equations are available to predict the performance characteristics (i.e 
Modulus and permanent strain) of granular materials. However, these models were 
derived through a particular material and could be unreliable to use for a different 
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material. The uncertainty of those models is due to the inconsistent behaviour of each 
material with the presence of constituents, differentiation of inherent properties of 
each material source, and simplification of the models (insufficient parameters) etc. 
Therefore, it is suggested to quantify the performance characteristics of pavement 
materials, particularly new materials like RCA, where the available information is 
scarce.    
2.5.1 Repeated Load Tri-axial Test 
A repeated load tri-axial (RLT) test is commonly used to measure the permanent 
deformation and resilient modulus of the pavement materials. The RLT test facilitates 
measurement of the above characteristics with respect to the pore-water pressure 
variation under different vertical and confining stress conditions (Jameson, et al.  
2010). The test outputs can be used to calculate the plastic strain and resilient 
modulus of materials under repeated loads simulating the vehicular loads in 
pavements. The resilient modulus is an important factor for pavement design since it 
represents the stiffness of the material. Further, materials modulus accounts for the 
material deformation under cyclic traffic loads (Haynes and Yoder  1963) where 
higher modulus indicates a low trend of plastic deformation. The plastic strain results 
are analysed to classify the materials in terms of the resistance to deform under load 
repetition.  
2.5.2 Resilient Behaviour of Granular Materials 
Elastic response of granular materials to dynamic loads is assessed by their resilient 
modulus. It is generally explained as the ratio of the dynamic deviator stress to the 
resilient strain at particular load cycle (Eqn.2.1, (Jr et al.  1998)). Figure 2.8 shows a 
typical vertical stress vs. axial strain behaviour of a granular material at the RLT test 
after a certain number of load cycles at constant axial stress and confining pressure 
conditions (Kumar and Patil  2006). It is generally observed that a rapid accumulation 
of plastic strain at the beginning of load cycles and the plastic response of the 
granular material becomes gradually decreased and then stabilized. The magnitude of 
the elastic strain of a single load cycle isalso gradually decreased, showing non-linear 
behaviour for the load repetitions. However, a stable resilient behaviour can be 
expected after a large number of load cycles. 
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Figure 2.8 Strains and resilient behaviour of granular materials under cyclic loads  (Kumar 
and Patil  2006) 
 
                                                    
   
   
  
Eqn.2.1 
Where, 
  = resilient modulus 
     = cyclic deviatoric stress 
   = recoverable strain 
 
The behaviour of granular materials under load repetition is complicated and 
unsteady, thereby the true nature of the deformation mechanism of aggregates in 
granular layers is not yet fully understood (Lekarp, et al.  2000a). Many research 
studies have been conducted to reveal this complex behaviour for different types of 
granular materials. Finally, they have identified many influencing factors on the 
complexity of resilient behaviour (Lekarp, et al.  2000a). Those factors are discussed 
in the following sub-sections.  
Effect of Density 
Density effect on the resilient modulus has been a subject for many research studies 
and ambiguous results have been reported. Most of the research revealed an increase 
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in resilient modulus with increasing density (Hicks  1970; Rada and Witczak  1981; 
Robinson  1974) where as Thom and Brown (1988) stated that the effect of density, 
or the state of compaction, is relatively insignificant. Barksdale and Itani (1989) 
further suggested that resilient modulus clearly increased with increasing density only 
at low values of mean normal stress. He further explained that at high stress levels, 
the effect of density on resilient modulus is insignificant. Vuong (1992) confirmed 
that density is less sensitive at optimum stress levels while the stress gradually 
increased. 
Effect of Moisture Content 
Moisture content plays a key role in material performance. The impact of moisture 
content on the resilient modulus was investigated by many research studies. Russell  
and Monismith (1971)observed that the effective stress in the material decreases with 
the development of excess pore-water pressure and subsequent decrease in strength 
and stiffness. Thom and Brown (1988) made a new hypothesis introducing the 
lubricating effect on particles due to increased moisture and hence making an impact 
on resilient behaviour. He interpreted this lower inter-particle contact as reducing the 
resilient modulus even without generation of pore-water pressure. Ekblad and 
Isacsson (2006) investigated the influence of water on resilient behaviour of coarse 
granular materials with maximum particle size 90 mm for large specimens (500 mm 
diameter and 1000 mm height). He experienced that the coarsest grading only had a 
small reduction in resilient modulus even with the water content close to saturation 
for same stress conditions. However, the reduction of the coarser contents caused 
substantial loss of resilient modulus. His findings confirmed higher sensitivity of 
resilient modulus for the moisture level with reduction of coarser particles. Ekblad 
and Isacsson’s (2006)investigation was further concurred with other past researchers 
(Haynes and Yoder  1963; Hicks and Monismith  1971)that excess pore water 
pressure caused a decline in the materials’ stiffness and thus lowered the modulus 
while exceeding the corresponding optimum moisture contents of the materials. 
Effect of Stress 
The resilient modulus of granular materials is highly dependent on stress level (Rada 
and Witczak  1981).Many researchers have shown that increase in the confining 
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pressure and the sum of the principal stresses lead to higher resilient modulus(Sweere  
1990; Uzan  1985). However, the contribution of the confining pressure or deviator 
stress on the material stiffness also depends on the material type.  Rada and Witczak 
(1981) concluded that the effect of confining pressure on the resilient modulus is 
more significant in granular soils than fine-grained soils. Past studies have shown that 
magnitude of the deviator stress basically affects the plastic deformation and causes a 
slight decrease in resilient modulus with an increase in deviator stress (Hicks  1970; 
Morgan  1966). In contrast, recent studies of Maher et al.,(2000) concluded that the 
higher deviator stress guides higher resilient modulus in granular materials, which 
indicates strain hardening due to reorientation of the grains into a denser state.  
Effect of particle size distribution, particle shape and fines 
Effect of PSD on resilient behaviour is considered of minor significance 
comparatively to the moisture content and stress conditions. But it is highly 
dependent on the aggregate type and particle shape. As an example; angular-shaped 
crushed limestone shows slight variation in modulus between the uniform-graded and 
well-graded particle size distribution (Thom and Brown  1988). In contrast, slag 
shows opposite behaviour in that the well-graded tends to give a higher modulus 
(Papin  1979). Rough surface and angular-shaped particles make higher shear 
strength of granular materials and facilitate proper load spreading with higher 
resilient modulus(Arnold  2004). However, more flaky shape particles easily break 
under the imposed loads and adversely affect stiffness. Influence of the fines on 
stiffness of granular materials is dependent on the quantity and the plastic properties. 
Generally, a higher quantity of fines makes adverse effects on resilient 
modulus(Hicks and Monismith  1971). The effect of fines further depends on the 
moisture content and stress level where more fines with high cohesiveness result in 
higher suction and hence higher stiffness under dry conditions and/or low confining 
pressure conditions (Voung, et al.  2008). However, the presence of more cohesive 
fines can have adverse effect on resilient modulus at high degree of saturations. 
Other factors affecting resilient modulus of granular materials 
There are other factors which have minor or insignificant effect on resilient modulus. 
These factors are load duration, frequency, load sequence, stress history and load 
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cycles. Many past studies of investigating the influence of the above factors are 
available in the literature (Ansell and Brown  1978; Hicks  1970; Paute et al.  1996). 
Details of those studies were summarised by Lekarp et al. (2000a). 
2.5.3 Constitutive Models for Resilient Modulus 
Resilient modulus models are used to explain the non-linear behaviour of soils and 
aggregates under various stress conditions. There are several factors affecting 
resilient behaviour; many researchers have developed computational models to 
predict the resilient modulus based on the stress conditions of repeated load tri-axial 
tests.  The complexity of the behaviour of granular materials makes it difficult to 
correlate all those factors (discussed in section 2.5.2) with theoretical principles of 
soil mechanics (Lekarp, et al.  2000a).The developed models for resilient modulus to 
characterise the resilient behaviour with associated stress states have been presented 
in Table 2.1. Figure 2.9 shows the state of stresses on the sample used in an RLT test 
to measure resilient modulus and typical deviator stress versus vertical strain 
relationship under repeated load conditions. Data shown in Figure 2.9 (b) are used to 
develop the parameters of each model in Table 2.1. 
Dunlap et al. (1963) introduced a relationship to predict the resilient modulus of 
granular materials based on confining pressure (Eqn. 2.2). He has ignored the effect 
of repeated deviator stress and presented that resilient modulus increases with 
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Figure 2.9 (a) RLT test specimen with stresses (b) resilient behaviour of granular 
materials 
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confining pressure. Seed et al.(1967) suggested and Hicks (1970) confirmed a new 
model known as the k-Ө model (Eq.2.3). This expression is widely used to estimate 
the resilient modulus of materials because of its simplicity and bulk stress of the 
sample (Lekarp, et al.  2000a). However, later research (e.g. Sweere (1990), May and 
Witczak (1990)) found that the bulk stress was insufficient.   
Table 2.1 Constitutive models of resilient modulus 
Author Equation 
Equation 
Number 
Dunlap 
(1963) 
         
   2.2 
Seed et 
al.(1967) 
and  Hicks 
(1970) 
         
 
  
 
  
 2.3 
Uzan(1985)          
 
  
 
  
 
  
  
 
  
 2.4 
Witczak 
and 
Uzan(1988) 
         
 
  
 
  
 
    
  
 
  
 2.5 
Ni et al 
(2002) 
           
  
  
 
  
   
  
  
 
  
 2.6 
Ooi et al 
(2006) 
           
 
  
 
  
   
    
  
 
  
 2.7 
Gupta  et al 
(2007) 
         
      
  
 
  
    
  
  
 
  
          
   2.8 
Notes:  ,  ,  ,   ,   are model parameters 
                     
    = Atmospheric pressure (103.4 kPa) 
   = Bulk stress            
     Principal stresses 
                =    Confining pressure 
    = Deviator stress 
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      = Octahedral shear stress =            
         
         
  
 
   
   ,   = Matric suctions 
   ,    = Empirical constant 
Uzan (1985) modified the k-Ө model considering the effect of bulk stress and 
deviator stress to describe the non-linear resilient behaviour (Eqn.2.4). The shear 
strain which is induced by the shear stress or deviator stress accounted for his 
modification. Witczak and Uzan (1988)introduced an alteration for the Uzan’s 
previous model (Eq.2.4) with octahedral shear stress in place of deviator stress in 
Eq.2.5. The new model Eq.2.5 provides three dimensional explanations for the stress 
states of the materials. The proposed model was recognised as a most convenient 
representation of the resilient modulus prediction for the pre-failure stresses and 
hence known as a universal model. Eq.2.6 and Eq.2.7 were developed using the 
universal models (Eq. 2.4 and Eq. 2.5) to tally the characteristics of specified soil 
types. Ni et al.(2002) introduced Eq.2.6 for clay soils and Ooi, et al (2006) introduced 
Eq. 2.7 to estimate the resilient behaviour of fine-grained soils. 
Gupta et al. (2007) developed a relationship to estimate the association of unsaturated 
soil by taking the water content, suction, saturated shear strength into account. The 
developed constitutive models for resilient modulus are capable of being extended by 
correlating the model constants ki with basic soil parameters. This can be modified 
considering the material properties such as gradation, plasticity, etc and 
environmental conditions that effect moisture, density, etc. 
The model parameters (ki values) have to be defined before applying those models 
for estimating the resilient modulus. Therefore, ki values are totally dependent on the 
inherent properties of the materials.  
The models available in literature to estimate the resilient modulus were based on the 
bulk stress, deviatoric stress, and octahedral shear stress and have not been much 
focused on other influencing factors such as water content, plastic properties, PSD 
etc. Furthermore, the available correlation models were basically developed for the 
natural fine-grained, coarse aggregates or clay soils. No model is available to 
estimate resilient modulus of recycled materials and applicability of existing models 
to estimate resilient modulus of recycled materials has not been attempted. This is 
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probably because the recycled materials are not widely applicable in geotechnical 
applications and it is a time consuming process to develop and validate. 
Therefore, it is required that studying the applicability and modifying those models 
for each type of recycled materials to predict their performance characteristics. To 
fulfil this gap, this thesis presents a detailed investigation of the resilient behaviour of 
recycled concrete aggregates and modifies a constitutive resilient modulus model. 
The model was developed incorporating a range of moisture variation with confining 
pressure and deviatoric stress.  
2.5.4 Plastic Deformation of Granular Materials 
Plastic deformation is the irrecoverable deformation of material upon unloading of 
the applied load which is illustrated in Figure 2.8. General behaviour of irrecoverable 
deformation in granular materials shows a rapid accumulation of plastic strain at the 
beginning of load cycles and subsequently shows a gradual decreasing pattern. 
Permanent deformation of flexible pavement can be observed as rut depth in the 
pavement surface. Rutting deformation is basically accompanied with the modulus of 
granular layers which depends on the densification, shear deformation and 
rearrangement of particles (Voung, et al.  2008). Prediction of rutting is still a 
complex task since rut development is a result of material characteristics, stress 
distribution during the service life of pavement and environmental conditions.  
Plastic deformation of granular materials depends on factors like stress level, number 
of load cycles, reorientation of principal stresses, moisture level and density, material 
gradation and type, and fine content and type(Lekarp et al.  2000b). An RLT test is 
accepted as the standard laboratory method to evaluate the permanent deformation 
while the wheel tracker test is considered as the best to predict the rut formation of 
granular materials.  
Stress condition of the granular materials has a significant effect on the plastic 
deformation. It has found that plastic deformation increases with increase in deviator 
stress and decreases with increase in confining pressure (MainRoads  2011f).  Re-
orientation of principal stresses of granular materials under vehicular loads is another 
major factor which has a significant effect on the permanent strain of granular 
materials (Lekarp, et al.  2000b). However, this effect is not yet fully understood 
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since an RLT test does not provide the continuous change in the direction of principal 
stresses.  Nevertheless, the wheel tracker test would be able to facilitate a real wheel 
movement condition and it is the most appropriate test method to evaluate the rutting 
characteristics of granular materials.  
Number of load cycles generally contributes for the accumulation of permanent strain 
under repetitive loading. Materials can be classified according to the “shakedown” 
theory on the basis of their structural response to the number of loading cycles. 
Classification could be done under three categories as shown in figure 2.10 (Cerni et 
al.  2012); 
 
Figure 2.10 Typical behaviour of granular materials under cyclic loads(Cerni, et al.  2012) 
 
The permanent strains of the granular materials behave in the three regions with 
respect to the number of load cycles. The regions are shown in Figure 2.10 with 
example lines. Descriptions of these  deformation behaviour ranges are as follows 
(Werkmeister et al.  2001): 
Plastic shakedown (Region 1) – The rate of accumulation of plastic is high for the 
initial number of load cycles. Then the rate of strain accumulation decreases with 
number of cycles. When there is no accumulation of plastic strain with the number of 
load cycles, the material behaves like elastic material.  
Plastic Creep Limit 
Plastic Shakedown Limit 
Region 1 
Region 2 
Region 3 
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Plastic creep (Region 2) - The initial rate of accumulation of plastic strain is 
comparatively higher than the “plastic shakedown” region. The rate of deformation 
then begins to slow, up to a certain number of load cycles. The rate of deformation 
could start to increase after a greater number of load cycles and eventually fail the 
material. 
Incremental collapse (Region 3) –The permanent strain accumulates with a rapid 
acceleration and the rate of accumulation slightly decreases only for a little number of 
load cycles. The continuous increase of the rate of deformation leads to collapse the 
material within a low number of load cycles.  
The moisture content of the compacted granular material has a significant effect on 
its stiffness and the deformation under cyclic loading. It observes a dramatic increase 
in permanent strain rate for a small increase in water content, as noted by Thom and 
Brown in (1978). High saturation levels increase the trend of plastic deformation due 
to the generation of excess pore-water pressure and low effective stress.  
The particle size distribution and fines content of the materials affect the plastic 
deformation of the granular materials. However it was recorded that the effect of PSD 
is significant for the lightly compacted specimens and was not affected heavily 
compacted materials (Thom and Brown  1988). The effect of fine content on 
permanent strain depends on the material type and quantity. Excess fines prevent 
particle interlock and support for deformation (Thom and Brown  1988) while the 
adequate amount of fines facilitate a higher degree of compaction with minimum 
voids to increase the resistance for deformation(Siswosoebrotho, et al.  2005). 
2.5.5 Constitutive Models for Permanent Deformation 
The developed constitutive relationships to predict the permanent strain are widely 
reported in the literature. Although different factors are affecting the accumulation of   
permanent strain of the unbound materials, the researchers have attempted to develop 
these models based on the stress conditions and number of load cycles. The 
developed models that are based on the RLT test data can be classified into two 
categories as: 
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1. Models of permanent strains with respect to the number of load cycles. Some 
of the examples are following: 
                     (Sweere  1990)      Eqn. 2.9 
                   (Song  2009)    Eqn. 2.10 
     
                   (Vuong  1994)     Eqn. 2.11 
Where; 
  = Permanent axial strain 
  
  = Resilient axial strain 
N = Number of load cycles 
A,B,a,b = Parameters 
2. Models of permanent strain with respect to the stress conditions. Some 
examples for such models were extracted from the literature chapter of 
Younghui Song’s Thesis (Song  2009); 
 
    
 
  
        Eqn. 2.12
    
             
        Eqn. 2.13 
        
      
               Eqn. 2.14 
Where; 
  = Permanent axial strain 
         = permanent strain after a reference number of load cycles 
q = Deviator stress 
   = Confining stress 
     = Maximum applied deviator stress 
p = Mean normal stress 
   = Reference mean stress 
            
a, b =Model parameters 
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In addition, permanent strain models are available with the combination of both stress 
levels and number of load cycles. They were developed by considering more 
properties related to the static tri-axial test and shear stress components. Examples of 
some those models are listed as the following. They were extracted from the literature 
study of Gregory Kenneth Arnold’s Thesis (2004). 
              
         
 
 
 
   
                                  Eqn. 2.15 
                 
       
 
    
     
 
    
 
         Eqn. 2.16 
Where, 
  
 
 = Permanent shear strain   p = Normal stress 
      = Shape function   q = Deviator stress 
L =            b, p* = Model parameters 
m = Slope of the failure line in (p-q) space 
2.5.6 Evaluation of Granular Materials in Wheel Tracker 
A wheel tracker is a small scale model test that can simulate the performance of a real 
pavement under a moving load. This approach can be used to investigate rutting of 
granular materials under accelerated wheel load.  
Other than the factors incorporated with permanent deformation of compacted 
granular layers such as density, moisture content, stiffness, shape of aggregates, and 
gradation, there is a significant factor to be considered which is the principal stress 
rotation. Stress rotation is due to the reorientation of principal stresses during shear 
when the materials are subjected to continuous moving wheel loads as similar to the 
real pavement structure. The material strength and stress-strain response to the stress 
reorientation is not yet fully understood and very limited research has been 
conducted. Available literature (Ansell and Brown  1978; Youd  1972) reported the 
impact of stress rotations has a dominant contribution in the formation of more 
permanent strains than those predicted by repeated load tri-axial tests. An RLT test 
does not provide the continuous charge in the direction of principal stresses.  Cyclic 
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loads in RLT testing do not produce rotating shear stress and, thus do not closely 
correlate with rutting under accelerated loading. Hornych, et al.(2006) showed that 
the rolling wheel loads can cause up to three times more permanent deformation 
when compared to a cyclic static load of the same magnitude on different granular 
pavement experimental structures. Further, a wheel tracker facilitates movement of 
the wheel in both backward and forward directions, which creates the impact of bi-
directional shear reversal due to induced stress conditions. Bi-directional shear 
reversal causes higher permanent deformation than uni-directional shear reversal 
(Chan  1990). However, bi-directional vehicle moving is not in real pavements. 
Nevertheless, the test is significant to conduct for the bidirectional moving load to 
observe the responses for the worst conditions.  
Even though the wheel tracker test is the best laboratory scale model to investigate 
performance of pavement under vehicular loads, only limited literature is available on 
granular materials. No literature is available on wheel tracker tests on recycled 
materials, such as RCA. 
2.6 CONVENTIONAL MATERIALS IN FLEXIBLE PAVEMENT 
Large amounts of quarry materials are consumed each year in Australia for road and 
railway projects. They are produced as crushed rocks from various sources; viable 
rock types used for pavement applications in Queensland are (MainRoads  2010c): 
Acid igneous rock - Rhyolite, Rhyodacite, Dacite, Tuffs, Granite, Adamellite and 
Granodiorite 
Intermediate igneous rock - Trachyte, Trachyandesite, Andesite, Tuffs, Syenite and 
Diorite. 
Metamorphic rock - Hornfels, Quartzite, Metagreywacke, Greenstone, Slate and 
Amphibolite. 
Sedimentary and duricrust rocks - Limestone, Mudstone, Arenite, Chert, Silcrete and 
Dolomite 
Basic igneous rock - Basalt, Dolerite and Gabbro 
The crushed aggregates of the above mentioned source rocks are categorised into five 
groups according to the defined specifications of QDTMR. The material groups are 
“Material Type- 2.1, 2.2, 2.3, 2.4, 2.5” and the specifications are defined, considering 
                                              Chapter 2: REVIEW OF THE LITERATURE 
Shiran Jayakody                                                                                                                                                  39 
 
their applications in particular sub-layers and also the traffic volume. The 
specifications for each material group have been detailed in Section 3.7. Those 
specifications were used to compare the properties of tested materials and to evaluate 
their properties.  
2.7 RECYCLED MATERIALS IN ROAD CONSTRUCTION 
The interests in aggregates from non-traditional sources are becoming more popular 
in the construction industry. Natural resource depletion, economic and environmental 
benefits, and government legislations are forcing them to be recycled and used. In 
particularly, looking for recycled materials in pavement construction is most 
significant since it demands more materials than other construction applications. The 
possible recycled materials which are being currently used in minor scale for 
pavement constructions are(Andrews and Rebbechi  2009); 
 Reclaimed glass from the glass disposal industry 
 Ash and fly ash  
 Industrial slag  
 Reclaimed asphalt pavement (RAP) from maintenance and rehabilitation 
activities  
 Recycled concrete aggregates from Construction and demolition waste (C&D 
waste)  
According to the Austroad Ltd (2009) report, about 350,000 tonnes of glass is 
recovered annually by recycling in Australia. The recycled pulverised sand-like glass 
is famous for reusing as non-structural concrete aggregate with limited applications. 
Pulverised glass has the advantage of lower shrinkage values compared to equivalent 
conventional concrete mixes (Australia  2008b). It has been recommended to use the 
recycled glass only up to 20% for the concrete in footpaths and cycle ways in 
Australia (Australia  2008b). However, recycled glass as pavement material has 
shown comparable characteristics to those of natural aggregates, to be applied in a 
wide range of road work applications in Disfani et al.’s(2011) study.  
 Fly-ash is generally used as fine aggregate in concrete and subgrade stabilization 
material. The “Use of recycled aggregates in construction” (2008b) report says the 
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application of fly-ash in concrete has limitations since it demands higher cement 
content compared to conventional concrete. Thereby, it has been recommended for 
structural concrete “Grade 25”. Fly-ash as soil material has appreciable records in the 
applications of embankment soil stabilization, subgrade material, and as an aggregate 
filler  (Ahmaruzzaman  2010). The self-hardening or pozzolonic properties ensure 
higher strength in fly-ash. Application of fly-ash in road works creates more benefits 
since it is available free-of-cost at power plants. Kumar and Patil (2006)  have shown 
that use of fly-ash could save 30-40% of construction costs in the Indian pavement 
industry. However, there are a number of technical and environmental barriers when 
using large quantities of coal fly-ash. Particularly, the potential for leachates 
containing tracer elements from fly-ash is the major concern and more investigations 
are required to overcome such environmental risks(Ahmaruzzaman  2010).   
Air cooled furnace slag is generally used as recycled material in concretes. In the 
rigid pavements with “Grade 20, 25, and 30”, concretes containing air-cooled slag 
aggregates were found to give higher or similar results for conventional concrete 
structures (Australia  2008b). Application of slag in road base asphalt concrete also 
presented better mechanical characteristics in Pasetto and Baldo’s (2009) studies. 
Mahieux et al. (2009) further emphasised the binding characteristics of slag, showing 
the use of weathered basic oxygen furnace slag as a main constituent in hydraulic 
road binder. The combination of slag with other recycled materials such as fly-ash, 
phosphor-gypsum had shown great performance as road base material in the Shen et 
al. (2009) study. However, use of different industrial slag aggregates appears to be 
limited due to costs associated with transportation, lack of information on properties, 
and specifications (Australia  2008b).   
Use of reclaimed asphalt pavement (RAP) for new asphaltic concrete is a common 
application in the asphalt industry (Australia  2008b). The performance 
characteristics of using RAP in the preparation of new bitumen mixes have been 
invested in several studies (He and Wong  2007).  Miro, et al.,(2011)concluded that 
asphalt, prepared by mixing a high RAP content, showed mechanical properties 
similar to those of conventional asphalt. The recent study of Reyes-Ortiz, et al. 
(2012) agreed with Miro, et al.(2011) with this study showing the adequate 
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mechanical response of dense-graded hot mixed asphalt when there was replacement 
of granular materials by 100% RAP.   
The discussed recycled materials have shown major difficulties when they are 
promoted in the pavement industry. Some of them are: 
 Environmental issues with the adding of heavy metals as a trace element, 
which is mainly associated with fly ash.  
 Integrated additional cost in transportation where the source generation fields 
are far away from the construction fields.   
 Lack of technical background in recycling procedure and lack of investment 
by the recycling industry. 
 Limited studies on the properties of materials and thereby lack of 
specifications for various applications (i.e. as base or sub-base material, 
embankment material etc). 
 Unavailability of sufficient parent sources for continuous recycling, which de-
motivates the investors. 
Recycled concrete aggregates could have overcome the above issues up to a certain 
level, compared to many other recycled materials. Therefore, studies on RCA are 
recorded for different applications and have become more popular than others. 
Properties of the RCA related to the pavement material have been presented from the 
past literature in the following, Section 2.8. Past study results are significant in 
verifying the heterogeneity of RCAs by comparisons in different regions. Further, in 
the literature available, properties prove useful in showing the inconsistent properties 
of RCA. Thereby, the necessity of investigating their properties in specific regions is 
emphasised. 
2.8 RECYCLED CONCRETE AGGREGATES 
Construction and demolition (C&D) waste is consisted of a range of materials that 
can be included as high-value materials and resources for new constructions. 
According to the  “Construction and demolition waste status report-October 2011” a 
total of over 8 million tonnes of C&D wastes was disposed  in Australia in the 2008-
2009 financial year (Hyder Consulting  2011b) and it represent 47% out of the total 
Chapter 2: REVIEW OF THE LITERATURE  
42                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
waste. The report says only 55% of C&D waste has been recovered from the 8 
million tonnes. However, the recovered percentage was lower in the state of 
Queensland than the national recovery, which was only 37% from their C&D waste 
(Hyder Consulting  2011a).  It is indicated that Queensland has to come up with more 
recycling of C&D waste, meanwhile exploring the opportunities for utilization of the 
recycled products. Therefore, the report for the “Queensland waste strategy 2010-
2020”, aims to upgrade the recycling C&D waste, which was only 35% in 2008, up to 
50% by 2014, 60% by 2017 and 75% by 2020 (Waste Policy Unit  2010). 
Concrete constitutes the major proportion of the total among the various types of 
C&D waste, being greater than 50% in Australia (Tam  2009). Crushing this concrete 
to produce crushed concrete is a rapidly growing industry, since RCA has the highest 
potential to be used as a granular material compared to the other recycled materials 
discussed above. Availability, cost and energy saving, and environmental benefits 
have led to an increase in the research on RCA, to investigate their characteristics and 
then to establish them as a standard material. The inherent properties of RCA 
revealed by various research studies are detailed in the following. 
2.8.1 Properties of Recycled Concrete Aggregates 
The properties of RCA are highly heterogeneous since it consists of different types 
and amounts of constituents like cement mortar, sand, brick particles, glass, RAP, and 
sometimes organic matters like wood etc. Further, the consistency of RCA depends 
on the properties of the parent concretes and used aggregates, and is varied in 
accordance to the regions as well. This makes it difficult to model and predict the 
characteristics and define a common specification for RCA as standard material. 
Therefore, it is most significant to examine the properties prior to the applications if 
past information is not available in a specific region or country. 
Grain Size Distribution, Aggregate Shape and Texture 
The crushing characteristics of RCA are similar to those of conventional crushed 
rock, and are not significantly affected by the strength of the source concrete. In 
general, RCA has 100% crushed faces (Salem et al.  2003). Age and the strength of 
the parent concrete does not make an impact on the amount of mortar attached to the 
aggregate or the gradation of the RCA. According to Amnon’s (2003) study, coarse 
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RCA material contains about 6.5% adherent original mortar and the fine material 
contains about 25%. 
Torii and Kawamura (1993) described RCA particles as angular, with the surface 
being porous because of the attachment of the original cement paste. He carried out 
particle shape index analysis and found that the RCA had virtually the same shape as 
the original aggregate; he believed that the shape of RCA depended on the type of 
crusher used, although no reason was given. 
Attachment of Cement Paste to the Original Stone 
The fundamental difference between RCA and conventional aggregate is the 
attachment of cement paste to the original aggregate.  
Both hydration and pozzolanic reactions can cause strength gain in recycled concrete. 
The hydration reaction produces calcium-silicate-hydrate (C-S-H). The pozzolanic 
reaction combines calcium hydroxide with soluble silica and water to produce 
additional C-S-H. The pozzolanic reaction can only occur at pH levels above 10, 
which is when the threshold to silica becomes soluble. The reaction is useful because 
it essentially converts the relatively soluble calcium hydroxide into C-S-H, a more 
stable cementitious product that increases the strength and reduces the permeability 
of the resulting concrete (Neville  1987). 
In the crushed concretes, previously unhydrated cement is exposed to moisture and 
forms additional cementitious products through hydration reactions. Depending on 
the alkalinity of the RCA, pozzolanic reactions may also occur when the unreached 
sources of soluble silica are exposed. More finely crushed RCA may therefore exhibit 
a greater self-cementing than a coarser RCA, because the increased surface area of 
the finer material allows more unhydrated cement grains to react with water 
(Blankenagel  2005). 
Specific gravity and water absorption 
The relationship between specific gravity and water absorption was examined by 
Ravindrarajah and Tam (1985) and it was concluded that a decrease in the specific 
gravity of RCA resulted in an increase in the water absorption. It is to be expected 
that a lower specific gravity generally corresponds to a greater amount of attached 
cement paste, which absorbs greater quantities of water than natural aggregates.  
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According to Amnon’s (2003) study, virgin aggregate has a specific gravity of 2.7 
and RCA is around  2.4. This difference is due to the relative density of the old 
mortar attached to the aggregates. Coarse RCA showed a specific gravity between 2.2 
and 2.6 for saturated surface dry conditions. This value decreases as the particle size 
decreases. It was also noted that fine RCAs have a specific gravity between 2.0 and 
2.3 for saturated surface dry conditions.  
A couple of trends were noted by authors regarding absorption and specific gravity, 
those being that absorption greatly increased with decreasing particle size and 
lowered the specific gravity. 
Hardness of RCA 
The hardness of RCA has primarily been examined using the Los Angeles (L.A) test. 
This is the hardness test most commonly used for aggregates and road pavement 
materials. Hansen (1992) and  Chini et al.,(2001) tested RCA for L.A value and 
found that it is between 20%-40%.  Hansen (1992) noted that L.A abrasion results 
depend on the strength of the original concrete, e.g. stronger concrete breaks up less 
than weaker concrete. 
Plasticity 
There are no records to show that RCA is plastic and it has been found (Hansen and 
Narud  1983) that recycled concrete fines contain approximately 4% calcium 
hydroxide Ca(OH)2 ( hydrated lime). The exact percentage depends on the amount of 
cement used to produce the original concrete. The presence of Ca(OH)2 within the 
crushed fines would reduce the influence of any clayish material on the plasticity of 
recycled concrete aggregate (Lay  2009). 
Density 
Density of RCA is relatively lower than the conventional rock aggregates. Regarding 
compaction characteristics, Chini, et al., (2001) reported a maximum dry density 
(MDD) of 1917 kg/m
3
and optimum moisture content (OMC) of 12.2 % for RCA used 
as pavement base material in Florida. His result was confirmed by Keller et al., 
(2004) that the density of RCA will typically be slightly less than that of the original 
material used , since cement and sand are included.  
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Strength 
Strength data for RCA used in the pavement industry are documented in just a few 
publications. Table 2.2 presents the results of CBR tests for both dry and four-day 
immersion samples obtained by several authors. CBR values are commonly used to 
characterise the bearing capacity of rock or soil materials used for earthworks’ 
applications. It is an indirect measure of shear strength, which in turn is dependent on 
moisture content and level of compaction.  
Table 2.2 CBR values of recycled concrete aggregates 
Author 
CBR % 
(Unsoaked) 
CBR % (4 days 
soaked) 
Poon and Chan (2006) 66 60 
Boudlal and Melbouci (2009) 84 128 
Berthelot et al., (2010) 59 - 
Conceicao et al.,(2011) 73-117 - 
Arulrajah et al.,(2012) 
- 118-160 
Arulrajah et al., (2012) presented higher CBR values with a great range of variation.   
Boudlal and Melbouci (2009) also obtained higher CBR values compared to others 
and they have continued their research blending RCA with cement, sand and brick, 
and found that treatment with cement and sand has certainly showed very appreciable 
results at CBR tests. Another important factor revealed from Conceicao, et al., (2011) 
is that the use of modified compactive effort implies a substantial increase in the 
bearing capacity compared to the intermediate compactive effort. However, the 
literature revealed the strength of RCA has a significant variation in accordance to the 
different regions. This is motivation to investigate the characteristics of regional 
production of RCAs prior to their applications.   
The studies on RCA as unbound pavement aggregate are widely reported in recent 
years. However, the studies have been focused to characterize the RCA as a treated 
material by adding substitutes such as crushed rock, sand, cement, limes, crushed 
bricks, etc.  Ebrahim Abu (2013) conducted a laboratory testing program to study the 
feasibility of using RCA mixed with traditional limestone aggregates in base or 
subbase applications. His CBR and UCS test results showed that the adding of RCA 
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improved the strength properties of the mixtures. Arulrajah (2012) conducted a 
comprehensive laboratory evaluation on recycled materials including RCA as 
pavement aggregate. Classification and strength property tests results were found to 
have appreciable properties equivalent to typical natural granular subbase materials. 
Conceicao, et al. (2011) studied the property of recycled construction and demolition 
waste (RCDW) that comprised the RCA as the major component. He studied the 
influence of PSD on the densification of RCDW and observed improvement of 
bearing capacity, resilient modulus and resistance to permanent deformation while 
increasing the percentage of cubic grains in the specimens.   Similar material 
(construction and demolition waste (CDW)) was evaluated in unpaved rural roads by 
Jimenez et al. (2012). The structural performance of the road was determined by the 
“Falling Weight Deflectometer” and concluded that CDW is an alternative to natural 
aggregates in unpaved roads without environmental impact.  
RCA had been tested to determine performance characteristics over the past years. 
The response of the material under cyclic loading is more complicated and the results 
of elastic and plastic deformation behaviour are not showing a constant pattern for 
RCA or even conventional pavement materials. Nataatmadja and Tan (2001) did RLT 
tests for RCA under different deviator stresses. They reported that well-graded RCA 
produces a higher resilient modulus under low deviator stress and it may be caused 
by the unhydrated cement within the RCA. However, Jr et al., (1998) concluded with 
their results that RCA performed the best when the characteristics of the resilient 
modulus properties as well as permanent strain were considered. Similar test series 
were carried out by Bennert et al.,(2000) and confirmed the above results. They 
compared the RCA results with RAP (reclaimed asphalt) and noticed that RCA 
samples accumulated the least amount of permanent strain while the RAP samples 
accumulated the greatest amount of permanent strain. 
Collecting the available literature on investigating and studying the properties of 
conventional pavement aggregates and RCA was used to analyse and compare the 
significance differences of their attributes. These details were applicable for planning 
and organizing the methodology as well as for the comparative analysis of the results 
of the conducted research.   
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Even though the literature is available on different classification properties and 
performance characteristics of RCA, it is hard to find a detailed investigation within a 
single study.  Consistency of crushed concrete aggregates could be varied region-to-
region and analysing the results of different studies therefore leads for contradiction 
and unfavourable conclusions. This highlights how significant it is to conduct an 
investigation with a detailed test programme for a consistent bulk of RCA under a 
single study to examine the characteristics in different perspectives. 
2.8.2 Use of RCA for Sustainability 
The major priority in waste management is to reduce the amount of waste in an 
economically and technically feasible manner. This follows the viewpoint of 
sustainable development, which emphasises the use of resources more efficiently 
with minimum overall impacts on environment. 
Recycling the demolished concrete is one of the best solutions in waste management 
that would otherwise be classed as waste. As concrete forms the major proportion of 
construction and demolition waste, recycling and reusing this waste concrete 
significantly reduces the total waste generation. Recycling the crushed concrete can 
greatly reduce environmental damages caused by deleterious disposal, by avoiding 
the use of landfill.  Environmental impacts of mining crushed rocks would be reduced 
by increasing the demand on RCA instead of crushed aggregates. Reducing the 
demand on crushed aggregates directly saves natural resources as well as preserving 
the precious natural habitats (Melbouci  2009). 
Reduction of the production cost and saving energy are the attractive benefits of the 
RCA to contractors. Figure 2.11 depicts the production flowcharts of both natural 
crushed rocks and RCA. It illustrates that, in processing RCA, four major steps can 
be avoided that have accompanied the conventional aggregate mining process. These 
excess steps account for more production cost and consume more energy. Therefore, 
producing RCA leads to energy saving and as well as more financial benefits. 
Uses of RCA in earthwork applications have not recorded environmental issues. 
Saeed and Hammons (2008) have revealed that RCA in contact with ground water 
and infiltrated with moisture remains extremely low; even crushed concrete has an 
increased surface area compared to its parent concrete. They reported negligible 
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effects of adsorption of organic compound to in-situ soil particles and it is thought of 
as an environmental friendly material. 
Removing the concrete structures from C&D waste creates better opportunities for 
easily segregating the other kinds of waste such as bricks, asphalt, glass, plastics, 
wood etc. Therefore, recycling concrete indirectly supports the recycling and reuse of 
other wastes.  
Using recycled concrete aggregates addresses the current issues related with mining 
natural resources and waste generation. In contrast, it creates more benefits in waste 
prevention, energy saving, saving primary sources, and avoiding land filling. 
Therefore, it generates more benefits, with the application of RCA achieving the 
aspects of sustainability in the pavement industry. To make it successful, further 
investigations must be done for more exposure of the use of RCA (Tam  2008) to 
strongly establish it as a well-known construction material. 
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Figure 2.11 Processing of natural aggregates and RCA (Alex Fraser Group  2011) 
2.8.3 Barriers in Promoting Use of RCA 
The issues associated with RCA can be recognized under two fields 1) barriers in 
recycling of crushed concrete, 2) barriers in promoting the recycled concrete 
aggregates as construction materials.  
The insufficient support from the legal authorities to establish guidelines for waste 
recycling decreases the incentive of the investments. Developing appropriate policy 
supported by proper regulatory framework can provide the necessary force to 
encourage new investments in industry.  
There are no more commercially viable technologies and methods for recycling 
construction and demolition wastes, which can be used to crush concrete waste on a 
commercial scale. Therefore, research and investigations are required to fill this gap. 
Chapter 2: REVIEW OF THE LITERATURE  
50                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
When the technology is established, other issues such as quality control of raw 
material and finished product, etc. will automatically be taken off.  
Lack of appropriately located recycling plants leads to de-motivate recycling since 
transporting waste over large distances makes it uneconomical. Waste generation 
sites are isolated locations and could be widely separated from each other. Therefore, 
portable equipment is needed, which can be used and set up close to a demolition site 
to attract newcomers to the recycling industry (Transportation  2007).  
Low dumping cost in developing countries, high investment cost, and limited 
management skills are some of other barriers in promoting the recycling of crushed 
concretes. 
Acceptability of recycled concrete material is preventing by various factors such as 
poor image associated with recycled materials, lack of confidence in contractors and 
complicated regulations and procurement guidelines of environmental protection 
agencies. This conception has to be swept away through more research and 
investigations on RCA from different perspectives.  Then the collaboration of the 
road authorities is required to develop the specifications and guidelines for RCA as a 
construction material in different applications.  
Creating awareness and dissemination of information relating the potential use of 
RCA in different applications and its associated economic benefits is required to 
attract the contractors. Ultimately the creation of a steady market for RCA is needed 
to achieve long-term benefits.   
This research attempts to provide technical support by understanding the potential use 
of RCA with a detailed investigation of inherent characteristics and performance 
behaviour. It would motivate the contractors and State institutes to strongly establish 
RCA as a well-known construction material. 
2.9 SUMMARY 
The literature review aims to cover the background information required for the 
forthcoming chapters from pavement material classification, material characterisation 
with performance tests (RLT and WT tests), the past studies on RCA and standard 
specifications on unbound granular materials. The identified key points on RCA, to 
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increase the technical information on it as a granular pavement material, are listed as 
following: 
 Investigations on RCA for different applications are seen under limited testing 
programs in different regions. A comprehensive study under a single research 
study for a single bulk of RCA is important in order to make a strong 
conclusion on the characteristics of RCA. 
 RCA deviates from conventional pavement materials due to the presence of 
constituents such as residual cement, bricks, RAP, glass, wood, etc. Some of 
the specified laboratory tests might not be convenient for evaluating RCA 
since those test methods have been defined for conventional materials. 
However, the investigations have not recorded an evaluation of the 
applicability of the granular pavement material test methods for RCA. 
 Literature shows inconsistent strength properties of RCA in different regions 
and countries. It depends on the quality of the parent concretes and the added 
constituents at the crushing process. The effect of major constituents such as 
RAP on the physical and mechanical properties of RCA has not been widely 
covered in the studies. 
 In the mechanistic pavement design process, granular materials are 
characterised by their elastic parameters such as modulus and Poisson’s ratio. 
The investigations of the resilient characteristics of granular materials were 
based on the stress conditions as the main factor. Numbers of constitutive 
models to predict the resilient modulus have been developed, based on 
conventional materials, and their applicability for RCA has not been studied 
in literature.  
 Pavement materials are subjected to rotation of principal axial stresses under 
moving wheel loads, and rotation of principal axial stress significantly 
contributes to the rut formation of the granular pavements. Investigating a 
new material like RCA in terms of rut formation under moving load is 
important where literature is unavailable. 
 Use of RCA gains more benefits and RCA as an engineering material 
emphasises the concept of sustainability in development. Intervention of local 
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authorities to enhance the use of RCA in the construction industry is required 
to overcome the barriers involved. 
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3Chapter 3: RESEARCH STUDY DESIGN 
3.1 INTRODUCTION 
This chapter presents the methodology followed to achieve the objectives of the 
research. Testing apparatus, material and sample preparation, testing programmes 
and data analysis are discussed in detail.  
Figure 3.1 depicts the flowchart of the methodology, which consists of the following 
key elements: 
 Requirements for the research, identified from the literature gap 
 Testing materials and sample preparation 
 Testing programmes which include the determination of classification 
properties, strength parameters, and mechanical characteristics 
 The testing methods and apparatus  
 Specifications and properties of standard granular pavement materials used 
by QDTMR, Australia  
The identified research gaps after the literature study are explained in Section 3.2 
as the research requirement. The experimental test procedure and apparatus are 
discussed in section 3.3 and the experimental programmes have been outlined in 
Section 3.4. The three test programmes conducted in this research are described 
under Sections 3.5, 3.6 and 3.7 respectively, with results analysing procedures. 
Section 3.8 and 3.9 present the specifications and properties of standard granular 
pavement materials, which are used for the comparison and evaluation of 
recycled materials. The summary of Chapter 3 has been outlined in section 3.10. 
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Figure 3.1 Flow chart of the methodology 
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3.2 RESEARCH REQUIREMENT 
Several researchers have studied the characteristics of RCA for Geotechnical 
applications. The literature review revealed that, in most cases, the reported work to 
date in this research area has been limited to a few laboratory tests. Those researches 
have been conducted as separate studies for classification of properties, performance 
characteristics, and mineralogical analysis of RCA. However, wide ranges of 
variation in the results have been reported in terms of material used in their regions. 
As an example, Poon & Chan (2006) had soaked CBR 66% for RCA while Melbouci 
(2009) and Arulrajah, et al,(2012) had 128% and 118-160% respectively. These 
results provide strong evidence for the heterogeneity of RCA due to the presence of 
bricks, glass, RAP and wood as impurities. Therefore, literature highlighted the 
research requirement to investigate the properties of locally available RCA. The 
study of Padmini et al, (2009)  presented that the physical and mechanical properties 
of RCA depend on the type of aggregates in primary concrete structure, strength of 
parent concrete and the used aggregates’ sizes. Therefore, it is essential to investigate 
the properties of RCA in Queensland since no such research work is available. 
Further, it is important to investigate the effect of RAP on RCA due to two reasons; 
1) RAP is the major constituent mixed with RCA which is sensitive to temperature 
and 2) limited past studies on the effect of RAP in RCA. 
In recent years, there has been a growing interest in RCA to be used in engineering 
applications. However, limitations of the applications remain due to the lack of 
engineering information on RCA. This research aims to minimize those limitations 
by filling the gap of insufficient information about the physical and mechanical 
properties of RCA. The literature review in Chapter 2 signified the necessity of a 
comprehensive laboratory evaluation for the use of RCA for road construction. It 
revealed the gap between the research and industry practice and emphasised the 
importance of a well-organized research study with detailed testing programmes on 
various mix designs of RCA. 
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3.3 LABORATORY TESTS AND APPARATUS 
Following the literature of research background, a series of laboratory 
experimentations was designed to evaluate the properties and performance of RCA 
under different test conditions. Standard granular pavement materials test methods 
were studied and the most common tests to characterize the physical properties and 
performance characteristics of RCA were chosen. The conducted laboratory tests 
were categorised into three groups; 
(1) Classification tests  
(2) Strength tests 
(3) Mechanical property tests 
The conducted tests, standard test methodology, and test apparatus were discussed 
below: 
3.3.1 Classification Tests 
Following classification tests conducted to assess the physical properties of the RCA 
samples.  
The particle size distribution of the samples were determined in dry sieve analysis 
according to the Australian standards, AS1289.3.6.1-2009 (Australia  2009a).  
Particle Shape of the RCA was examined through the flakiness index test with the 
QDTMR test method Q201 (MainRoads  2011h).  
Plastic properties of the samples’ fines (<0.425mm) were determined to describe the 
consistency of the blended samples. 
Plastic limit (PL) test – Test method AS 1289.3.2.1-2009 (Australia  2009b) 
Liquid limit (LL) test – Test method AS 1289.3.9.1-2002 (Australia  2002) 
Linear shrinkage (LS) - Test method Q106 (MainRoads  2011k) of QDTMR  
The water content versus dry density relationships for the blended samples were 
determined by using the standard proctor compaction method as per Australian 
standards, AS1285.5.1-2003 (Australia  2003). Optimum moisture content (OMC) 
and maximum dry density (MDD) values of each sample were obtained from the 
density-moisture graphs. 
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Water absorption tests were performed according to the test method Q214A 
(MainRoads  2011j) and Q214B (MainRoads  2011i) of QDTMR for the fine fraction 
(particle size < 4.75 mm) and coarse fraction (particle size > 4.75 mm) respectively.   
The specific gravity (Gs) of the fine and the coarse fine fractions were determined 
following separate methods of QDTMR; Q109A (MainRoads  2011e) and Q109B 
(MainRoads  2011a). The weighted average of these values as the specific gravity of 
the bulk sample was calculated. 
Additionally, two tests were included to characterise the RAP materials. 
The bitumen content of the RAP –  
Solvent extraction test method Q308A (MainRoads  2011d) 
Ignition test method Q308D (MainRoads  2011c) 
The test procedures were briefed in section 5.3 with the results. 
3.3.2 Strength Tests 
Strength properties of the blended samples were evaluated with ten percent fine 
value test (TPF), California bearing ratio (CBR) and unconfined compressive 
strength (UCS) tests.  
 Ten percent fine value test (TPF) 
The ten percent fines value test was conducted to determine the resistance of the 
aggregates to crushing under compressive load. Therefore, the TPF test is employed 
in assessing the durability of aggregates for highway constructions (Shen, et al.  
2009). The test aimed to determine the force required to produce 10% of fines of the 
aggregate size between 9.5-13.2mm. The test was performed under dry and wet 
conditions according to the QDTMR test methods Q205A (MainRoads  2011b) and 
Q205B (MainRoads  2011g) respectively. Then the wet and dry strength variation 
was determined  by following Q205C (MainRoads  2011f). 
Sample preparation – materials were sieved to select the aggregates’ size between 
9.5-13.2 mm. Then, aggregates were prepared according to the dry and wet test 
conditions. 
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Dry condition - NODSs (See section 3.3) were dried in the oven with 30
o
C for 2-3 
days, since this was required to ensure no surface water on the aggregates. ODSs 
(See section 3.3) were dried in oven with 105
o
C until a constant weight.  
Wet conditions - The samples of both NODS and ODS test series were submerged 
in water overnight. The wet aggregates were placed on a dry cloth and the particles 
were wiped until all water had been removed. However, they kept a dampsurface 
since the test was performed for the saturated surface aggregates.  
It was followed by a similar compaction procedure for both dry and wet samples 
afterwards. The materials filled in the cylindrical mould with 115 mm diameter and 
180 mm height (See Figure 3.2), in three layers, and each layer was tamped 25 times 
by a hard rubber hammer. Compaction was done in order to have a levelled surface 
to place the plunger on.  
Testing and calculation - Load was applied in uniform rate by means of an 
“Automax 5-compression and flexural” machine, which is shown in Figure 3.3. 
Several trial tests were performed to estimate the approximate force required to 
produce the ten percent of fines for the each sample type. The decided forces were 
then applied to each specimen at a uniform rate within a 10 minute period. The rate 
of load was automatically controlled by the testing machine. The loaded samples 
were then sieved over a 2.36 mm aperture size and checked for whether the fines’ 
percentage lay between 7.5-12.5%. If the fines’ percentage was not in the range, the 
test was repeated. When the obtained fines were within the required range, TPF value 
was calculated with Equation 3.1 as following, 
 
                                                   
    
   
                                                                     
Where, F = Force required to produce 10% fines 
 x = Maximum force of test (kN) 
 P = Percentage fines produced from a force of x kN 
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Figure 3.2 Compacted materials in the mould with plunger 
 
 
Figure 3.3 AUTOMAX5-Ten percent fines value machine 
 
California bearing ratio (CBR) 
The California bearing ratio (CBR) evaluates the stability of granular pavement 
materials and subgrade soils by determining the load sustained. With the load 
Test Load  
Plunger 
Steel Mould 
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increases on the compacted specimen, it is predominantly subjected to shear 
deformation, thus CBR is regarded as an indirect measure of the shear strength 
(Voung, et al.  2008). CBR characterisation is common to provide a relative measure 
of mechanical strength and moisture durability of materials in pavement and 
geotechnical constructions. Therefore, the CBR index is used to rank the materials 
based on their quality and it is one of the foremost factors in material selection for 
the structural design of pavements (MainRoads  2009). Tests were conducted under 
unsoaked and soaked conditions to examine the moisture effect on the load-bearing 
capacity of blended samples.  
Sample preparation- Materials were sieved to select the sample size below 19.0 mm.  
Samples were mixed with water at corresponding OMC values. The water mixed 
samples were cured in sealed containers and thoroughly mixed again after curing. 
Materials were compacted in cylindrical metal moulds, having an internal diameter 
of 152 mm and a height of 178 mm, to achieve MDD. A spacer disc, having a 
diameter of 150 mm and a height of 61 mm, was placed in the cylindrical mould and 
materials were compacted on the spacer disc. The standard compaction effort used to 
compact the materials within three equivalent layers with 53 blows in each layer. The 
compacted specimens were cured in sealed containers before testing. It was followed 
by different curing times for the water-mixed materials and compacted specimens to 
determine the best time for curing. The followed curing times have been detailed 
with the results of “Testing programme-1” in Chapter 4. 
Testing and calculation - Australian standard AS1289.6.1.1-1998 (Australia  1998) 
was followed to determine the CBR values of the samples. The tests were performed 
in the loading machine named ‘Instron-series 5000’ (See Figure 3.4).  Load was 
applied by penetrating the plunger with a uniform rate 1.00 mm/min and data was 
acquired through a software programme “Bluehill3”.  A typical force-penetration 
graph is shown in Figure 3.5 obtained from “Bluehill3”. Values of the increased load 
with plunger penetration were used to calculate the CBR values at the two 
penetration points which are 2.5 mm and 5.00 mm. Then, CBR values were 
calculated using the Eqn 3.2 and 3.3, and greater value was recorded. 
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Figure 3.5 Force - penetration curve showing the new penetration origin and corresponding 
loads at 2.5 mm and 5.0 mm penetrations 
 
CBR 2.5 mm    
                                     
       
 %                      
 
Figure 3.4 “Instron-series 5000” CBR loading machine 
Loading Plunger 
Sample Mould 
5.0 mm 
2.5 mm 
Tangent 
New origin 
Load at 2.5mm penetration 
Load at 5.0mm penetration 
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CBR 5.00 mm    
                                      
       
 %                   
Unconfined Compressive Strength (UCS) 
The unconfined compressive strength (UCS) is generally recognized as an important 
indicator of blending quality of treated aggregates in the pavement industry. 
Untreated granular materials such as crushed rocks are not possible to be tested in 
UCS without the addition of binding agents due to non-cohesiveness (Vidal et al.  
2013). Therefore, a UCS test is commonly used for modified pavement materials to 
determine the relative response of granular materials with chemical binder 
stabilization. Even if it is not a common test for untreated pavement aggregates, the 
blended samples were tested to investigate the binding effect of cement mortar in 
loads sustained under unconfined conditions. 
Sample preparation- It was followed by a similar method to the CBR test except for 
the size of cylindrical mould. This used a split cylindrical mould with 105mm 
diameter and 115.5mm height. The CBR test results showed the best curing times as 
three hours for the water homogenisation prior to the compaction and four days for 
the compacted specimens prior to the test (Jayakody et al.  2014). Therefore, those 
curing periods were followed for all the tests to obtain the ultimate results of 
unconfined compressive strength. 
Testing and calculation–The UCS test was performed as specified in AS 5101.4-
2008 (Australia  2008d). Tests were performed in the same machine ‘Instron-series 
5000’ applying  uniform loading rate 1.00mm/min. Figure 3.6 shows a typical graph 
of load increase, which was obtained for a sample test.  Ultimate load was used as 
failure load to calculate the UCS values using equation 3.4;  
UCS = 
       
      
                                                                 
Where,            UCS = Unconfined compressive strength in MPa 
F = Load at failure in kN 
Dav = Average specimen diameter in mm 
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Figure 3.6 Force-penetration curve showing the failure load 
3.3.3 Performance Tests 
It is a significant requirement to evaluate the pavement materials through 
performance-related testing, to determine the response of the materials to the cyclic 
and moving loads. The main laboratory scale performance tests, repeated load tri-
axial test (RLT) and wheel tracker (WT) test, were conducted on materials to reveal 
the mechanical properties under different stress and moisture conditions. 
Repeated Load tri-axial Test (RLT) 
The RLT test is specified for determining the resilient modulus and permanent 
deformation characteristics of soils and granular materials. It followed the principles 
of test method “Q137-Permanent deformation and resilient modulus of granular 
materials” of DTMR, Queensland (MainRoads  2013a). Various pressure and load 
conditions were applied for test specimens with changing moisture content according 
to the designed test plan for RLT test series in “Testing Programme-3” (Section 3.6). 
Sample preparation - Materials were sieved to select the sample size below the 
19.0mm. An RLT test was performed for different moisture contents to determine the 
performance characteristics of materials with the moisture variation. The tested 
Load at failure 
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moisture contents are presented in Table 3.4.  Water mixed materials was sealed in 
containers for three hours for moisture homogenisation. Each sample was compacted 
to corresponding MDD with standard compaction effort in standard tri-axial mould, 
being 100 mm in diameter and 200 mm in height. The compacted samples were 
again cured in sealed containers for four days prior to the test being performed.  (The 
curing time periods were based on the research findings in “Testing programme – 1” 
in Section 4.2.4(Jayakody, et al.  2014)).  
 
Figure 3.7 RLT test apparatus 
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Figure 3.8 Schematic diagram of RLT Chamber with a specimen 
 
Testing and calculation - RLT tests were performed under different vertical stress, 
confining pressure, and number of load cycles as shown in Table 3.4. Tests were 
carried out using servo-controlled pneumatic equipment and air pressure was used to 
apply constant confinement with the drainage open. The used “IPC digital servo 
control” RLT setup is shown in Figure 3.7. The test was run by means of the 
software “UTM_41 V2.04”. The control data acquisition system (CDAS) captured 
the data and the software saved the data with further processing the test results. The 
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schematic diagram of the RLT chamber which describes the operating process is 
shown in Figure 3.8. The compacted cylindrical specimen (100 mm diameter and 
200 mm height) is located inside the chamber (tri-axial cell).  Air was used to 
facilitate the confinement, which simulates the lateral confinement due to the 
compacted materials, as experienced in real road structure. The attached pressure 
transducer continuously measured the confining pressure in the cell. The repetitive 
passages of vehicle wheels over the materials were simulated by applying repeated 
axial load on top of the compacted specimens. Haversine-shaped load pulses were 
exerted with a frequency of three seconds as shown in Figure 3.9. For each loading 
pulse, the resulting permanent strain and resilient strain are continuously read by the 
two LVDTs (Linear variable differential transducers).  
 
 
 
 
 
 
 
 
 
Figure 3.10 shows a typical loop of repetitive loading on a sample, which illustrates 
the formation of plastic and elastic deformations with increasing load cycles. The 
figure shows that axial load is not completely removed at the end of each load cycle. 
Magnitude of 5% of deviator stress was applied as the contact stress at the end of 
each load cycle. The material performances were assessed by obtaining the elastic 
and plastic deformation behaviour with respect to the load cycles. Plastic 
deformations were calculated with the measurements of plastic strain while the 
elastic deformation was used to calculate the resilient modulus of the materials as 
shown in Eqn 3.5. 
 
Figure 3.9 Illustration of the repeated load waveform of RLT test 
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Figure 3.10 Typical RLT test hysteresis loop with pricipal axial stress, plastic and elastic 
strain 
Wheel Tracker Test (WT) 
Evaluate the rutting resistance of granular materials with RLT test is not closely 
correlated with shear resistance under moving wheel load (Jameson, et al.  2010). 
Therefore, undertaking wheel tracker test for the selection of granular materials 
would be beneficial to reduce the incidence of poor performing unbound pavements. 
Particularly it is appropriate for the recycled materials such as RCA to assess the 
rutting resistance by simulating road traffic.   
The WT tests were conducted in the laboratories of QDTMR in Herston, 
Queensland. The WT device with a loaded wheel which has a diameter 200 mm and 
contact width of 50 mm loaded to 700 N, used for the tests. It is used a steel mould 
having dimensions of 300 mm length, 300 mm width and a depth of 100 mm. The 
WT table is moving in simple harmonic motion at a frequency of 12 per minute over 
a travel distance 250 mm. However it has been developed large-size and extra-large-
size WT devices for granular materials (Bodin et al.  2012) by increasing the tyre 
size to apply higher load and sample size to run the wheel along a greater wheel path. 
It basically expects to increase the load on sample in large-size wheel trackers since 
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the small size devices are capable to apply low level of loads that produce small 
deformations (Bodin et al.  2013). The small variation of the deformation results are 
not considered as appropriate in terms of assessing the rut-resistance.  
However, the specifications for the wheel-tracker test methods were chosen to meet 
the requirements of the Queensland DTMR. These standards were developed for the 
testing of granular material but included additional requirements to allow specific 
curing periods for RCA. Test method “Q149: Deformation of granular materials 
(Wheel Tracker)”  (MainRoads  2013b) of QDTMR was followed. WT tests were 
planned to determine the effect of RAP on RCA and the effect of moisture contents 
on the RCA on the rutting deformation. The WT test programme has been described 
in “Testing Programme-3” in Section 3.6 below. 
. 
 
 
 
 
 
 
Figure 3.11 (a) Sample compaction machine-Slab compactor (b) Curved plate at the end of 
wheel segment 
Sample preparation – Materials were sieved to produce a sample below the size of 
19.0mm. This followed different moisture contents for sample preparation as shown 
in Table 3.5. The water mixed materials were cured in sealed containers for three 
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hours, similar to the previous test methods. Cured samples were compacted 
following the QDTMR test method “Q148” (MainRoads  2013c) in a steel mould 
having dimensions of 300mm length and 300mm width and a depth of 100mm. 
Compaction was done in two layers to avoid gradient of the density with depth 
(Bodin, et al.  2013). It used a special compactor machine called a "BP compactor” 
which is shown in Figure 3.11 to achieve the corresponding dry densities of the 
samples. The compaction machine consisted of a 1200 mm long wheel segment and 
has a plate with arc length 300mm x 300mm at the end of wheel segment to place the 
materials on at the compaction.  The compaction was processed until the target slab 
thickness achieved the thickness of the steel mould. The compacted specimens were 
sealed in plastic bags to cure for four days prior to the tests. 
Testing and calculation - Tests were run in the “CRT-WTAUS” wheel tracker 
machine shown in Figure 3.12, its schematic diagram being shown in Figure 3.13. 
The mould was placed on the wheel tracker table, which was reciprocated with a 
distance of 250 mm at the frequency of 21 cycles per minute. A steel wheel of 
diameter 200mm and width 50mm, which was fitted with a rubber thread of 
thickness 10-13mm, was used for loading. The wheel ran on top of the specimen 
applying a force 1948N and the wheel pressure was 780 kPa. The hanging weight 
and the wheel arm facilitated to adjust the applying pressure of the wheel. Rutting 
deformations were measured using an LVDT which had nominal linear range of 
about 40mm. The WT machine was eligible to run up to 10000 wheel-passes (5000 
wheel cycles) and data was recorded every 50 passes by the data acquisition system. 
It recorded the rut depth along the wheel path at the points of each 4mm interval. The 
wheel ran 250mm on the sample and data was recorded up to 52mm offset to both 
sides from the centre and calculated the mean value.   Tests were run with the 
temperature varying around 24-26 
0
C in the cabinet. 
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Figure 3.12 Wheel tracker test machine 
 
Figure 3.13 Schematic diagram of wheel tracker test machine 
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3.4 EXPERIMENTAL RESEARCH PROGRAMME 
The research methodology basically consisted with three testing programmes. 
Testing Programme – 1: The first stage of the laboratory experiments was to 
determine the physical properties of RCA by focussing the variability of its 
compositions. Basically, the laboratory mix design for RCA samples was considered 
to represent a wide range of constituents that could be mixed at the crushing process.  
Testing Programme – 2:  The second stage was designed to investigate the effects of 
the major constituent, RAP, on the best quality material mixture selected from the 
“Testing Programme-1”. The selected best mix design was then mixed with RAP to 
form another five blended samples. The test programme was planned under three test 
series to determine the effect of sample preparation temperature on the test results. 
Details of the three test series are presented in section 3.6. 
Testing Programme – 3: The third stage was based on evaluation of the performance 
characteristics of the clean RCA as well as RAP blended RCA samples with repeated 
load tri-axial test and wheel tracker (WT) test. Therefore, the test programme was 
designed in two series. 
 
1. Series 1 - RLT test programme 
The RLT tests were again planned in two sections for the clean RCA material 
and RAP mixed RCA samples. Details are presented in section 3.7.1. 
2. Series 2 - WT test programme 
The WT tests planned were also similar to the RLT test programme which 
was conducted within two test sections for the clean RCA material and RAP 
mixed RCA samples. Details are presented in section 3.7.2. 
3.5 TESTING PROGRAMME-1 
 “Testing programme 1” was designed to investigate the impact of possible 
impurities or constituents in the production of RCA in Queensland. For this study, 
two primary commercially available RCA products, named as RM001 and RM003 
(see Figure 3.12) were obtained from a leading concrete recycling plant in 
Queensland. Material sources were demolished building (slabs, floors, columns and 
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foundations), bridge supports, airport runways and concrete road beds. The collected 
source materials went through a specified crushing process to produce two 
assemblies’ of concrete aggregates known as RM001 and RM003. Table 3.1 shows 
the maximum percentages of the constituents that could be permitted in RM001 and 
RM003 at the plant output. RM001 is produced by crushing only the demolished 
concrete structures, which have been separated from the attachable waste (such as 
bricks, glass, asphalt, wood, etc) to avoid mixing. Therefore, RM001 was considered 
as “Clean RCA” that was free from the constituents. In contrast, RM003 was 
considered as “Dirty RCA” since bricks, RAP and perhaps wood are allowed to mix 
in the production process. The crushing design of RM003 is considered to control 
those impurities within maximum allowable percentages. Figure 3.12 (a), (b) show 
the photos of the two RCA products. 
These two materials were blended in different percentages by weight to form another 
four samples to represent random combinations of constituents. New sample types of 
“Testing programme-1” are shown in Table 3.2 with their blending percentages and 
the specimens’ names. 
 
 
  
(a) (b) 
Figure 3.14 RCA materials (a) RM001 and (b) RM003 
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Table 3.1  Percentage limits of constituents of two main RCA materials 
Recycled Material 
Type  
Maximum Limit of each Constituent (Percentage by mass) 
Reclaimed Concrete *RAP Brick 
RM001 100 - - 
RM003 100 20 15 
*RAP – Reclaimed Asphalt Pavement 
 
Table 3.2 New RCA samples with blending percentages in “Testing programme-1” 
Material name 
Mixing percentages by mass (%) 
RM001 RM003 
RM1-100/RM3-0 100 0 
RM1-80/RM3-20 80 20 
RM1-60/RM3-40 60 40 
RM1-40/RM3-60 40 60 
RM1-20/RM3-80 20 80 
RM1-0/RM3-100 0 100 
The new blended samples shown in Table 3.2 were subjected to classification tests; 
dry sieve analysis test, Atterberg limits test, and proctor compaction test and strength 
tests; California bearing ratio (CBR) and unconfined compressive strength (UCS) 
tests. The results were then compared with those of the conventional unbound 
granular materials used in the state of Queensland, Australia and described in Section 
3.7. The objective of this comparison was to select the best mix design in order to 
proceed to the second testing programme. 
3.6 TESTING PROGRAMME-2 
Materials and Sample Preparation 
The RM1-100/RM3-0 (RM001) showed the best results in classification and strength 
property tests in “Testing programme – 1”. Therefore, RM001 was chosen to 
determine the effect of RAP in the “Testing programme - 2”. Five specimens were 
prepared in the laboratory by adding different percentages (by mass) of RM001 and 
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RAP. The new blended samples were thoroughly mixed in a concrete mixture. RAP 
was also obtained from the same recycling plant and Figure 3.15 represents an RAP 
sample. The maximum percentage of RAP was used as 20% since it is the highest 
possible amount that is allowed to be mixed with RCA at the production process 
(MainRoads  2010b). Table 3.3 shows the blended samples in “Testing programme - 
2” with material mixed ratios. 
 
Figure 3.15 Reclaimed asphalt pavement-RAP 
 
Table 3.3 New blended samples with the material mix ratios in testing programme-2 
Blended Sample Name RM001 (%) RAP (%) 
RM1-100/RAP0 100 0 
RM1-95/RAP05 95 5 
RM1-90/RAP10 90 10 
RM1-85/RAP15 85 15 
RM1-80/RAP20 80 20 
The mix design of specimens shown in Table 3.3 was aimed at determining the effect 
of RAP on RCA. To investigate the effect of sample preparation temperature on the 
properties of RAP mixed samples was significant, since bitumen is sensitive to the 
temperature. The bitumen-coated RAP particles cause the particles to stick together 
especially if they are not dried thoroughly prior to the tests. Therefore, the RAP 
mixed RCA samples were subjected to classification tests under a three-test series to 
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determine the impact of temperature. These three test series were based on the 
material drying temperatures prior to the tests. Descriptions of the three test series 
are as follows, 
Series I - Samples were dried at room temperature prior to the tests.                                                                                                                           
(Not Oven Dried Samples-NODSs) 
Series II - Samples were dried in oven at 100-105 
0
C. (Oven Dried Samples-ODSs) 
Series III - Samples were ignited up to 540
0
C in a furnace. (Ignited Samples-IS) 
Drying the samples prior to the tests in the oven at 105 
0
C is the standard test 
procedure. This temperature could affect the heat sensitive materials, and thereby 
could alter the inherent attributes of original specimens. Presented bitumen coated 
asphalt particles in blended samples could be sensitive to the oven temperature and it 
made sense that melted bitumen would be made an influence on the inter-particle 
bonds causing alteration of the engineering properties. Though drying materials in 
oven is not practiced in real applications, it was required to reveal the influence of 
oven temperature on the laboratory test results of RCA mixed RAP samples. The 
results of the “oven dried samples (ODSs)” in the test series-II and “not oven dried 
samples (NODSs)” in test series-I were then compared to estimate the impact of oven 
temperature on sample preparation. In the test series-III, bitumen and other organic 
materials were evaporated by ignition up to about 540
0
C in a furnace. The objective 
of test series-III was to determine the properties of blended samples in the absence of 
bitumen and organic materials, but keeping the same material gradation of the 
samples. Table 3.4 shows the names of blended samples in the three test series. Only 
three samples were tested in series-III since it required a large amount of samples to 
be ignited and ignition facilities were not available in the laboratories of QUT. 
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Table 3.4 Sample names with their tags in three test series 
Primary 
Sample Name 
Sample name indicating the drying temperature of three test series 
Samples dried in room 
temperature (Not oven 
dried samples-NODSs)  
Samples dried in 
oven (Oven dried 
samples-ODSs)  
Sample ignited in 
furnace (Ignited 
sample-ISs) 
Test Series I-NODSs Test Series II-ODSs Test Series III-ISs 
RM1-100/RAP0 RM1-100/RAP0/ NODS RM1-100/RAP0/ ODS * RM1-100/RAP0/ IS 
RM1-95/RAP05 RM1-95/RAP05/ NODS RM1-95/RAP05/ ODS Not applied 
RM1-90/RAP10  RM1-90/RAP10/ NODS RM1-90/RAP10/ ODS *RM1-90/RAP10/ IS 
RM1-85/RAP15  RM1-85/RAP15/ NODS RM1-85/RAP15/ ODS Not applied 
RM1-80/RAP20  RM1-80/RAP20/ NODS RM1-80/RAP20/ ODS *RM1-80/RAP20/ IS 
 
Tests Configuration 
The laboratory test programme was planned, including the determination of the 
properties of used reclaimed asphalt materials. The physical properties such as 
bitumen content, gradation, water absorption and specific gravity were examined:  
 To describe the obtained properties of samples with increase in the RAP 
portion. 
 To assess and predict the properties of RAP mixed RCA samples in different 
circumstances where the RAP properties are dissimilar 
Next, the blended specimens were subjected to classification and strength tests under 
the above 3-test series. Therefore, totally 13 samples were tested to investigate the 
possible range of variation of the classification and strength parameters. The testing 
programme included the characterization tests; dry sieve analysis, flakiness index, 
atterberg limits, linear shrinkage, proctor compaction, water absorption and specific 
gravity tests as well as the strength tests; California bearing ratio (CBR), ten percent 
fines’ value test and unconfined compressive strength (UCS) tests.  
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The results were again compared with those of the conventional unbound granular 
materials used in the state of Queensland, Australia, to estimate the best mix designs 
of RCA and RAP for base and sub-base layers. Blended samples were ranked 
according to the revealed properties and the next test programme (Testing 
Programme-3) was designed giving the priority for the best quality sample mixture. 
3.7 TESTING PROGRAMME-3 
Testing programme 3 was based on evaluation of the performance characteristics of 
the RCA as well as RAP blended RCA samples with repeated load tri-axial test and 
wheel tracker (WT) test. Therefore, the test programme was designed in two test 
series. Series 1 was designed for the RLT test program and Series 2 was designed for 
the WT test program.   
3.7.1 RLT Test Program 
Repeated load tri-axial tests were conducted to determine the resilient and residual 
properties. This measured the permanent deformation and resilient modulus of the 
materials to investigate the performance characteristics under different test 
conditions. RLT tests were conducted under two test series as shown in Table3.5. 
Test Series -1: 
RCA mixed with RAP samples (Shown in Table 3.2) were tested following the 
standards of QDTMR (Q137-Permanent deformation and resilient modulus of 
granular materials (MainRoads  2013a)). Tests were conducted in two different water 
contents. Water content-1 was selected as the corresponding optimum moisture 
content, to evaluate the performance at a higher moisture level. Water content-2 was 
the corresponding moisture level at degree of saturation of 60% for all the 
specimens. The 60% of DoS was to represent the industrial construction water 
contents of unbound granular layers. Material compaction of pavement constructions 
are done usually at corresponding OMC levels and then left to dry back up to about 
50% OMC or in between  OMC and 50% of OMC before applying the asphalt layer 
or bitumen seal (Bodin, et al.  2013). Therefore, it was decided to fix moisture level 
at 60% DoS to compact the samples. Moisture content was controlled in accordance 
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to the industrial value to easily assess deformation behaviour and then to rank the 
blended samples.  
The obtained results of resilient deformation behaviour of the samples were then 
evaluated with resilient modulus values. It compared the design specifications of 
resilient modulus of base layer materials, which are used in pavement design, and 
assessed the feasible applications. 
The permanent deformation values were evaluated under the limited shakedown 
concept to determine the behaviour of plastic strain. Results were used to rank the 
samples to assess the effect of RAP on RCA on the formation of permanent strain. 
Test Series -2: 
The second series of the RLT test programme was conducted only for the clean RCA 
(RM1-100/RAP0) which showed the best properties in classification tests. The 
testing programme has been illustrated in Table3.5 with the applied test conditions.  
The results were used to explain the resilient behaviour under various stress 
conditions to enhance a constitutive model for the resilient modulus of the RCA. 
Regression analysis was used to develop a relationship between resilient modulus 
with variables: moisture content, mean stress and octahedral shear stress. In this 
research, non-linear regression analysis was performed with the aid of “Matlab” 
statistical software version 7.1. The analysis was carried out to evaluate the model 
parameters at the four different moisture levels. The attempt was to develop the 
parameters in order of the variation of moisture contents. The parameters were 
designed to introduce a common expression, which is valid for the tested moisture 
range (between the 60-80% of DoS levels).    
The developed models were then validated with the results of three RLT tests. The 
validated tests were conducted with 66 stress conditions according to the standard 
method of Austroad APRG 00/33-2000 (Voung and Brimble  2000). The validation 
tests were conducted for three different moisture contents and selected moisture 
contents were between 60-80% of DoS levels. 
The plastic strains data of the RLT test programme was analysed within a limited 
range since the RLT test programme was designed to characterise the resilient 
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deformations. Therefore, the plastic strain data did not show a consistency to 
correlate the plastic strain with respect to a combination of load cycles, stress 
conditions and moisture contents. Thereby, the permanent axial strain was modelled 
under two sections: 
1) In terms of the stress levels for fixed load cycles 
2) In terms of number of load cycles for the given stress conditions. 
3.7.2 WT Test Programme 
The wheel tracker test was conducted to determine resistance to the rut formation 
under a moving wheel load. The testing protocol was designed under two test series 
as shown in Table 3.6.  
Test Series -1: To investigate the effect of RAP on the clean RCA. The RAP 
blended RCA samples were tested at the corresponding moisture contents at 60% of 
DoS levels. The reason for selecting 60% of DoS level under the RLT test 
programme was explained in section 3.7.1.  
 
Test Series – 2: Clean RCA (RM001) was tested with different moisture contents to 
determine the behaviour of rut formation with the variation in water contents.  
The obtained results of rutting deformation were analysed in terms of the limited 
plastic shakedown concept, which was discussed under Section 2.5.4.  
Chapter 3: RESEARCH STUDY DESIGN 
80                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
Table 3.5 Repeated load tri-axial test programme 
T
es
t 
S
er
ie
s 
- 
1
 Sample Name 
Confining 
pressure-kPa 
Vertical 
stress-kPa 
Deviator 
stress-kPa 
Test Series-1 Test Series-2 *MDD 
t/m
3 
No: of 
cycles Water content-1- OMC  Water content-2 (*DoS-60) 
RM1-100/RAP0 125 750 625 13.2 % 11.62 % 1.748 
50000 
RM1-95/RAP5 125 750 625 12.2 % 10.81 % 1.785 
RM1-90/RAP10 125 750 625 12.7 % 10.74 % 1.785 
RM1-85/RAP15 125 750 625 12.3 % 10.58 % 1.789 
RM1-80/RAP20 125 750 625 12.9 % 10.55 % 1.789 
RM1-100/RAP0 
T
es
t 
S
er
ie
s 
- 
2
 
Water 
content-% 
Density DoS-% Confining pressure-kPa Vertical stress-kPa No: of cycles 
11.62 MDD 60 
25  
 
 
 
300 
 
 
 
 
 
450 
 
 
 
 
 
600 
 
 
 
 
 
750 
 
 
10000 per each vertical 
stress condition 
 
75 
125 
175 
13.2 MDD 68 
25 
75 
125 
175 
14.53 MDD 75 
25 
75 
125 
175 
15.5 MDD 80 
25 
75 
125 
175 
 *DoS=Degree of saturation                   *MDD=Maximum dry density
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Table 3.6 Wheel tracker test programme 
T
es
t 
S
er
ie
s 
- 
1
 
Sample Name 
Water content-% (at 
DoS=60%) 
Density –t/m3 No: of wheel passes 
RM1-100/RAP0 11.62 1.748 
10000 per each test 
 
RM1-95/RAP05 10.81 1.785 
RM1-90/RAP10 10.74 1.785 
RM1-85/RAP15 10.58 1.789 
RM1-80/RAP20 10.55 1.789 
RM1-100/RAP0 (RM001) 
T
es
t 
S
er
ie
s 
- 
2
 
Degree of saturation-
% 
Water content -% Density- t/m
3
 No: of wheel passes 
55 10.85  
 
Maximum dry 
density-1.748 
 
 
10000 per each test 
 
60 11.62 
65 12.59 
68 13.20 
75 14.53 
 
3.8 MATERIAL SPECIFICATIONS FOR FLEXIBLE PAVEMENTS 
Material specifications are presented for quality control of flexible pavement’s base 
and sub-base courses to achieve the standard quality of the pavement structures. All 
the countries and perhaps regions have defined their own standard specifications 
based on the available resources, technical capability, traffic volumes, and 
environmental considerations etc. In Australia too, different states have been 
developed their own standard specifications for the pavement industry following the 
principles of Australian national standard system (AS system) as their base. 
The RCA used in this study is a production of Queensland State and the results 
should be compared with the material specifications of Queensland.  This section 
details the specifications for unbound granular materials defined by the DTMR, 
Queensland, Australia, which are used for the comparison of characterisation and 
strength tests results. The specifications were defined for the material groups, which 
have been categorised on the basis of material classification, geological processes 
and material properties. 
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The specifications of these material groups have been described under “Material 
Type 2”. The “Material Type 2” is generally used to categorise the pavement 
materials by dividing them into five sub-types. Each material sub-type has been 
assigned to specific material sub-layers in terms of the traffic volume of the selected 
pavement. The compared material groups that were the sub-types of the “Material 
type 2” and their descriptions are shown in Table 3.7(Council  2001). 
Table 3.7 Sub-types of “Material Type 2” with their descriptions 
Material Sub-
type  
Pavement layer  Description 
2.1 Base 
Roads with design traffic equal to or exceeding 10
6
 
equivalent standard axle (ESA) repetitions  
2.2 Base Roads with design traffic less than 10
6
 ESAs  
2.3 Sub-Base Roads with design traffic equal to or exceeding 10
6
 
2.4 Sub-Base Roads with design traffic less than 10
6
 ESAs  
2.5 Lower Sub-Base Roads with design traffic less than 10
6
 ESAs  
 
The standard material properties for the coarse components and fines’ components of 
the “Material sub-types” are shown in Table 3.8 and 3.9(MainRoads  2010c).  
Table 3.8 Fines component properties of “Material Type 2” 
Property 
Subtype 
2.1 2.2 2.3 2.4 2.5 
Liquid Limit maximum 25 25 28 35 40 
Plasticity Index maximum 6 6 8 12 14 
Weighted Plasticity Index 
maximum 
150 150 200 360 - 
Linear Shrinkage maximum 3.5 3.5 4.5 6.5 7.5 
Linear Shrinkage x % of the 
whole sample 
passing the AS 0.425 mm sieve 
maximum 
85 85 110 195 - 
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Table 3.9 Coarser component properties of “Material Type 2” 
Property 
Sub-
type 
Material Group 
Acid 
Igneous 
Intermediate 
Igneous 
Basic 
Igneous 
Metamorphic 
Sedimentary 
Duricrust 
Ten Percent 
Fines 
Value (Wet) 
(kN) 
minimum 
2.1 115 125 135 125 115 
2.2 100 105 115 105 100 
2.3 85 90 100 90 85 
2.4 70 80 85 80 70 
2.5 - - - - - 
Wet/Dry 
Strength 
Variation (%) 
maximum 
2.1 40 35 30 35 40 
2.2 40 35 30 35 40 
2.3 45 40 35 40 45 
2.4 45 40 35 40 45 
2.5 - - - - - 
Degradation 
factor 
minimum 
2.1 
2,2 
40 45 50 45 40 
2.3 
2.4 
30 35 40 35 30 
2.5 - - - - - 
Flakiness Index 
General (%) 
maximum 
2.1 
2,2 
35 35 35 35 35 
2.3 
2.4 
40 40 40 40 40 
2.5 - - - - - 
 
The strength assessment of “Material type 2” is basically presented with respect to 
the California Bearing Ratio under soaked conditions. The requirements for soaked 
CBR values for the “Materials type 2” are as per the following, Table 3.9. 
Table 3.10 CBR specifications of sub-types of “Material Type-2” 
Property 
Material Sub-type 
2.1 2.2 2.3 2.4 2.5 
Soaked CBR 
(Minimum) 
80 60 45 35 15 
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The investigated properties of the blended RCA specimens were compared with the 
above specifications to assess their potential to use as unbound granular material in 
the pavement industry. In this study, the recycled materials were characterised by 
additional test methods; unconfined compressive strength testing, specific gravity, 
water absorption etc., which are not mentioned in the list of specifications. The 
revealed results of the classification tests have been discussed in Chapters 4 and 5.  
3.9 SPECIFICATION FOR PAVEMENT DESIGN MODULUS OF GRANULAR 
MATERIALS 
Tables 3.10 and 3.11 were extracted from the pavement structural design of 
Austroads Ltd, Australia (Jameson and Group  2008). The modulus values are used 
as a guide to design the thickness of the overlying bound layers of granular 
pavements according to the mechanical properties of available materials. In contrast, 
they have specified the vertical modulus of unbound granular materials under thin 
bituminous surface as follows: 
For normal standard crushed rock – 200-500 MPa 
For high standard crushed rocks – 300-700 MPa 
These specifications’ data would be used to assess and evaluate the tested recycled 
materials. 
Table 3.11 Recommended resilient modulus for normal standard base materials 
Thickness of overlying bound 
materials (mm) 
Modulus of overlying bound materials (MPa) 
1000 2000 3000 4000 5000 
40 350 350 350 350 350 
75 350 350 340 340 310 
100 350 310 290 270 250 
125 320 270 240 220 200 
150 280 230 190 160 150 
175 250 190 150 150 150 
200 220 150 150 150 150 
225 180 150 150 150 150 
≥250 150 150 150 150 150 
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Table 3.12 Recommended resilient modulus for high standard base material 
Thickness of overlying bound materials 
(mm) 
Modulus of overlying bound materials (MPa) 
1000 2000 3000 4000 5000 
40 500 500 500 500 500 
75 500 500 480 460 440 
100 500 450 410 390 360 
125 450 390 350 310 280 
150 400 330 280 240 210 
175 360 270 210 210 210 
200 310 210 210 210 210 
225 260 210 210 210 210 
≥250 210 210 210 210 210 
 
3.10 SUMMARY 
The methodology has considered approaching the research objectives within three 
test programmes. Key factors of each test programme were such that materials, their 
compositions, material mix ratios for new sample preparation and test protocols were 
included. The followed test methods with their test codes and testing machines with 
testing conditions have been discussed with some accompanying figures.  
The required standard specifications of Queensland were gathered, which are used 
for the assessment of the results. 
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4Chapter 4: CHARACTERISTICS OF TESTING 
MATERIALS - RCA WITH CONSTITUENTS 
4.1 INTRODUCTION 
Material characterisation was conducted under two test programmes. Details of these 
two testing programmes have been described in Chapter 3. This chapter presents the 
results and discussion of data of the physical property tests conducted, following 
Testing Programme-1. Physical property tests were consisted of classification and 
strength property tests, which were detailed in Section 3.3.   
The “Testing Programme-1” is briefed in Section 4.2 and the results are discussed in 
Section 4.2 under five sub-topics. Section 4.3 summarises the findings of this 
chapter. 
The classification and strength properties of these RCA samples are compared with 
those of standard pavement granular materials specified by the Department of 
Transport and Main Roads (DTMR),   Queensland, Australia. The applicability of 
standard granular material classification and strength tests for RCA mixed with 
constituents are discussed in detail.  
4.2 PROPERTIES OF RCA: TESTING PROGRAMME-1 
Testing Programme-1 was designed to investigate the effects of possible impurities 
or constituents in the production of RCA in Queensland, Australia (Section 3.5). 
Crushed concrete aggregates without constituents (RM001) and, with constituents 
(RM003), were mixed to represent the variability of compositions and six blended 
samples were prepared. The percentage limits of constituents of two were shown in 
Table 3.1 in Chapter 3. The materials and the blended percentage of each material in 
samples are shown in Table 4.1.The test results of the six samples are discussed in 
the following sections. The classification and strength tests considered in this study 
are: particle size distribution (PSD), Atterburg limits, compaction test, unconfined 
compressive strength (UCS) and California bearing ratio (CBR). Sample evaluation 
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is then done following the DTMR specifications to identify the best quality sample 
mixture of RCA in terms of classification and strength tests. Testing Programme-2 is 
then designed for the best sample. 
Table 4.1 New RCA samples with blending percentages in “Testing programme-1” 
Material name 
Mixing percentages by mass (%) 
RM001 RM003 
RM1-100/RM3-0 100 0 
RM1-80/RM3-20 80 20 
RM1-60/RM3-40 60 40 
RM1-40/RM3-60 40 60 
RM1-20/RM3-80 20 80 
RM1-0/RM3-100 0 100 
 
4.2.1 Particle Size Distribution (PSD) of Materials 
PSD is one of the key characteristics when classifying a granular material for a 
specific granular pavement layer. Therefore, all six samples (RM1-100/RM3-0, 
RM1-80/RM3-20, RM1-60/RM3-40, RM1-40/RM3-60, RM1-20/RM3-80, and 
RM1-0/RM3-100) that represent the variability of different constituents in RCA were 
tested through sieve analysis to obtain PDS curves shown in Figure 4.1 (This shows 
the PSD curves of samples before compaction (BC)). The primary materials RM001 
and RM003 had maximum particle size 25.4 mm and 19 mm, respectively. The 
Coefficient of Uniformity (Cu) and Coefficient of Curvature (Cz) were calculated and 
tabulated in Table 4.2. All six samples have Cu ≥ 4 and 1≤ Cz ≥ 3, which depict 
reasonably well-graded distribution. The comparison of the six gradation curves with 
‘Material subtype 2.1(Particle size above 20mm)’ shows that the grading limits of all 
RCA samples are within the shortage of coarse particles and do not fulfil even the 
lower bound of Material type 2.1 (which indicates the low percentage of coarse 
particles). The lower coarse aggregate results for low strength in compacted state and 
low bearing capacity are due to the weak imparting strength among the particles. 
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Figure 4.1 PSD curves for six samples before compaction (BC) and maximum & 
minimum curves of subtype 2.1 materials 
Table 4.2 The values of Cu and Cz of the six samples before and after compaction 
Material name 
Coefficient of Uniformity - Cu Coefficient of Curvature - Cz 
Before 
Compaction-
(BC) 
After 
Compaction-
(AC) 
Before 
Compaction-
(BC) 
After 
Compaction-
(AC) 
RM1-
100/RM3-0 
21.7 18.0 2.8 1.5 
RM1-80/RM3-
20 
17.1 15.6 2.7 1.7 
RM1-60/RM3-
40 
25.8 20.5 2.1 1.9 
RM1-40/RM3-
60 
18.0 15.8 1.7 2.0 
RM1-20/RM3-
80 
17.0 14.9 1.6 1.5 
RM1-0/RM3-
100 
18.4 14.7 1.5 1.2 
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) 
Grain size (mm) 
RM1-100/RM3-0/BC 
RM1-80/RM3-20/BC 
RM1-60/RM3-40/BC 
RM1-40/RM3-60/BC 
RM1-20/RM3-80/BC 
RM1-0/RM3-100/BC 
Mat.subtype2.1-Lower bound 
Mat.subtype2.1-Upper bound 
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Usually PSD obtained from uncompacted/unloaded material is used to classify the 
material. Depending on the quality and type of granular materials, they can break 
down in different degrees during compaction into pavement layers. So PSD of the 
compacted material can be different from the PSD, which is used to classify the 
material. Therefore, it is important to investigate the particle breakage of a granular 
material during compaction and to give recommendations on how PSD should be 
obtained for its classification. 
To investigate the particle breakage of these RCA samples, PSDs were measured 
before and after compaction and shown in Figure 4.2. Figure 4.2 depicts that all RCA 
samples used for this testing program have undergone particle breakage during 
compaction as evidenced by the increase in the amount of material passing the each 
sieve. It can be seen that granular material with fewer amounts of smaller particles 
experiences higher breakage than that with higher amounts of smaller particles 
during compaction. RM1-100/RM3-0 and RM1-80/RM3-20 have more particle 
breakage than other RCA samples during compaction. Since RM001 has fewer 
amounts of smaller particles compared to RM003, the amount of smaller particles in 
RCA samples can be increased by mixing more RM003with RM001 and hence less 
particle breakage is expected during compaction. As shown in Figure 4.3, the particle 
breakage during compaction increases the amount of smaller particles in RCA 
samples. However, the particle breakage at compaction decreases the amount of 
coarse fraction in the RCA sample below the minimum requirement. Due to 
considerable particle breakage of RCA samples during compaction, it is 
recommended to use PSD obtained after compaction when classifying RCA samples.  
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Figure 4.2 PSD curves for six samples prior to and after compaction 
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Figure 4.3 PSD curves for six samples after compaction (AC) with maximum & minimum 
curves of subtype 2.1 materials 
4.2.2 Plasticity Index 
Atterberg limits (LL and PL) are needed when materials are classified, to identify 
their engineering applications.  Since all six RCA samples used in “Testing program-
1” were made mixing RM1 and RM3 into different ratios, fines in ‘RM1-100/RM3-0 
(RM001) and RM1-0/RM3-100 (RM003) were tested for LL and PL under the 
“Testing Programme-1”. It is assumed that the Atterberg limits of the other four 
RCA samples are within the measured range of LL and PL of fines in RM001 and 
RM003. The measured LL and PL values are summarized in Table 4.1, together with 
a range of LL and PL of standard granular materials (Material subtype 2.1 to 2.5). As 
shown in Table 4.3, plasticity (PI – plasticity index) of ‘RM1-100/RM3-0’ is within 
the plasticity range of “Material subtype 2.1”. RM1-0/RM3-100’ exhibits a PI value 
similar to that of “Material subtype 2.3”.However, RCA fines have  plastic properties 
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similar to the high quality pavement aggregates, such as crushed Rhyolite (PI=6) and 
crushed Hornfels (PI=8) (Jameson, et al.  2010).  
Table 4.3 Plasticity Index of two main materials with maximum limits of LL and PI 
for subtypes of “Material type 2” 
Fine 
Sample 
RM1-
100/RM3-0 
RM1-
0/RM3-100 
Specifications for maximum LL and PI values 
Subtype 
2.1 
Subtype 
2.2 
Subtype 
2.3 
Subtype 
2.4 
Subtype 
2.5 
LL 21 27 25 25 28 35 40 
PL 15.6 20 - - - - - 
PI 5.4 7 6 6 8 12 14 
4.2.3 Compaction Properties 
In pavement construction, granular layers are compacted to achieve the maximum 
density that is positively correlated with the performance of the pavement subjected 
to vehicular loads. Laboratory compaction test is conducted on the material to 
determine the required amount of moisture to achieve the maximum density in the 
field. Standard proctor compaction tests were conducted on all six RCA samples 
prepared for testing program -1 and the results are shown in Figure 4.4 and Table 
4.4. 
 
Figure 4.4 Compaction curves for six samples 
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Table 4.4 Optimum moisture content and maximum dry density for six samples 
Sample Type 
Optimum Moisture Content 
% 
MaximumDry density 
(t/m
3
) 
RM1-100/RM3-0 13.2 1.748 
RM1-80/RM3-20 13.2 1.768 
RM1-60/RM3-40 13.3 1.822 
RM1-40/RM3-60 13.5 1.856 
RM1-20/RM3-80 14.0 1.836 
RM1-0/RM3-100 14.2 1.846 
 
Optimum moisture content (OMC) and maximum dry density (MDD) values 
obtained from standard compaction test results are tabulated in Table 4.4. The range 
of the variation of MDD and OMC are relatively small as 1.748-1.856 t/m
3
 and 13.2-
14.2%, respectively. It can be seen that, with the increase in constituents (RAP and 
brick fines) and the amount of smaller particles, both the OMC and MDD increase. 
Fines (smaller particles) and different constituents can absorb more water and reduce 
the void volume when it is compacted. However, all the RCA samples show  higher 
OMCs and lower MDDs than the high quality crushed pavement aggregates like 
Rhyolite (5.85%, 2.34 t/m
3
), Hornfels (6.5 %, 2.32 t/m
3
), Lime stones (6.5%, 2.34 
t/m
3
),for which the corresponding OMC and MDD are shown in brackets (Jameson, 
et al.  2010). The main reason for the higher water absorption is the presence of 
cement fines and other constituents like bricks. In addition, RCAs have been 
subjected to two crushing processes (initial crushing after the mining and second 
crushing process at the recycling concrete structures) and therefore the stiffness of 
the aggregates could decrease. This causes easy breakage of the materials and adds 
more fines when the compaction is done. Therefore, lack of coarser particles and 
different constituents leads to lower bulk density and thus lower MDDs in RCA 
samples.  
4.2.4 California Bearing Ratio (CBR) Index 
CBR value is commonly used in pavement and geotechnical engineering as a relative 
measurement of strength and modulus of granular materials. Therefore, in this 
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experimental program, all six RCA samples were tested for soaked and unsoaked 
CBR values. Initial trial testing was done to identify the optimum time duration for 
moisture homogenisation after mixing with water before the compaction into the 
CBR mould. 
Determination of moisture homogenisation period 
Crushed concrete aggregates consist of cement fines which support the strengthening 
the inter-particle bonds. Particularly, the cement fines are subjected on pozollonic 
reactions where the water presents. A specific time period (moisture homogenisation 
period) is required to complete those reactions prior to performing the compaction. 
The moisture homogenisation period and the curing period of compacted specimens 
could have significant effects on the strength of compacted material. In order to find 
out the optimum moisture homogenization period (time between material mixing 
with water and compaction), each RCA sample was mixed with water to achieve its 
corresponding OMC values, and kept in sealed containers for different moisture 
homogenization periods (e.g. 0, 3, 8 hours). Once a targeted moisture 
homogenisation period was reached, the material was compacted into a CBR mould 
to achieve the corresponding MDD of the material and tested for CBR values without 
allowing curing period for compacted samples. The results of these CBR tests are 
tabulated in Table 4.5. The three columns show the CBR values for three different 
moisture homogenisation periods. For each moisture homogenisation period, the 
higher CBR values are measured for the RCA samples with the greater percentage of 
RM001.CBR values decrease with an increase in the portion of RM003 in the 
sample, as this increases the amount of smaller particles in the sample. Samples with 
a higher amount of smaller particles have less frictional resistance and hence less 
CBR values. 
The samples with no moisture homogenization period’ have given the lowest CBR 
values since they did not have enough time for homogenization of moisture and for 
the completion of possible pozollonic reactions. The three hours curing period 
showed higher CBR values, since the materials have taken sufficient time for 
uniform moisture distribution and for the completion of possible pozollonic 
reactions. Only RM1-100/RM3-0 and RM1-0/RM3-100 were tested to determine the 
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CBR values after allowing eight hours of moisture homogenisation, since they are 
the primary materials (RM001 and RM003) of this testing program. As shown in the 
table, CBR value of   RM1-100/RM3-0 (RM001) decreased to 69 when eight hours 
of moisture homogenisation was allowed. More homogenisation time allows 
cementation of materials with residual cement, which makes material less 
compactive and, as a result, decreases in CBR value. The CBR value of RM1-
0/RM3-100(RM003) increased when more time was allowed for moisture 
homogenisation. The RM003 sample consists of more fines and other constituents, 
which could require more time. 
Considering CBR values tabulated in Table 4.5, a three hour moisture 
homogenisation period was recommended for these RCA samples and it was 
followed when preparing RCA specimens for CBR tests in this research.  
Table 4.5 Variation of CBR values with different moisture homogenization periods 
Sample Type 
CBR % 
No moisture 
homogenization 
period 
3 hrs moisture 
homogenization 
period 
*8 hrs moisture 
homogenization 
period 
RM1-100/RM3-0 61 74 69 
RM1-80/RM3-20 56 63 - 
RM1-60/RM3-40 55 66 - 
RM1-40/RM3-60 50 61 - 
RM1-20/RM3-80 48 60 - 
RM1-0/RM3-100 46 50 53 
*CBR was conducted only for two samples to observe the strength gaining pattern 
CBR Test for Unsoaked Condition 
A series of CBR tests was conducted to investigate the effects of an unsoaked curing 
period on the measured CBR values of the compacted samples. Each sample was 
mixed with water to achieve its corresponding OMC and then three hours were 
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allowed for moisture homogenisation. Following the standard compaction procedure, 
the material was compacted into CBR moulds. The compacted samples were then 
cured (unsoaked) in sealed containers for different periods: 0, 4 and 8 days with 
4.5kg surcharged load, before testing for CBR value. Table 4.6 shows the effects of 
the curing period on the measured CBR values of each RCA sample. As shown in 
Table 4.5, irrespective of curing time, the CBR value decreases with increase in the 
amount of RM003 in the samples. The same observation was made in the previous 
section “determination of moisture homogenisation period” and the reasons were 
discussed. For each RCA sample, CBR value increases with an increasing curing 
period up to four days, then remains unchanged or decreases slightly as the curing 
period is further increased to eight days. In the unsoaked CBR test procedure, the 
sample cured for four days was observed as the sufficient time for curing the 
compacted samples. Therefore, four-days unsoaked curing is used for the other tests 
(e.g. CBR, UCS, RLT, and WT) of this research. 
Table 4.6 Variation of CBR values with different curing periods 
Sample Type 
CBR % 
No curing period for 
compacted sample 
Mixture-3 hrs 
curing &  
compacted sample 
cured 4 days 
Mixture-3 hrs 
curing &  
compacted sample 
cured 8 days 
RM1-100/RM3-0 74 81 78 
RM1-80/RM3-20 63 77 75 
RM1-60/RM3-40 66 74 75 
RM1-40/RM3-60 61 63 64 
RM1-20/RM3-80 60 60 60 
RM1-0/RM3-100 50 58 55 
 
 
Chapter 4: CHARACTERISTICS OF TESTING MATERIALS - RCA WITH CONSTITUENTS 
98                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
CBR test for soaked samples  
Testing the CBR values of pavement materials after soaking is more significant to 
observe the strength of materials under fully saturated conditions. This is highly 
applicable in selecting material and designing pavement for flooding areas. The 
water immersed samples simulate a water content adjustment roughly equivalent to 
that which would occur if the water table rose during the rainy season. Therefore, it 
is highly recommended to observe the load sustained by the compacted specimens 
after they have been subjected to fully saturated conditions. 
The soaked and the unsoaked CBR values, which were obtained for each RCA 
sample cured for three hours after water mixing and four days curing after 
compaction, are shown with the minimum CBR values of standard granular materials 
in Figure 4.5. For the soaked test, the samples were kept inundated in water for four 
days with a 4.5kg surcharged load prior to testing. This shows that soaked CBR 
values are slightly less than the unsoaked values, since the presence of water reduces 
the inter-particle friction and also a high degree of saturation produces high pore-
water pressure and causes low shear strength (Voung, et al.  2008).   
The DTMR Queensland has introduced a standard limit for minimum soaked CBR 
values for different pavement layers in different traffic volume roads (Table 3.7). 
According to them, none of the samples fulfil the minimum standard CBR value of 
base layer material (Material Sub-type 2.1) in high traffic volume roads (more than 
10
6
 equivalent standard axle (ESA) repetitions)  (MainRoads  2010c). The first three 
samples (RM1-100/RM3-0, RM1-80/RM3-20, RM1-60/RM3-40) are in the range of 
Material type 2.2, which is for base layers in roads with design traffic less than 10
6
 
ESAs. The other three samples (RM1-40/RM3-60, RM1-20/RM3-80, and RM1-
0/RM3-100) are within the CBR range of Material sub-type 2.3 that is recommended 
for sub-base layers in roads with design traffic equal to or exceeding 10
6
 ESAs. 
Materials were mixed with water at their corresponding OMC values for sample 
preparation. However, the achieved moisture contents were over the OMC levels and 
varied by105-107% of OMCs. Therefore, it maintained the water contents in a 
similar range 105-107% of OMC for all the CBR tests specimens in “Testing 
Programme – 1”. The higher inconsistency of the sand and cement fines as well as 
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variation of the constituents’ content (RAP and brick) made it difficult to achieve the 
target moisture content in the samples. 
The obtained CBR values were incorporated with higher moisture levels, in which 
the achieved water contents were over the corresponding OMC values. Thereby, it is 
expected higher CBR values for the corresponding OMC or below OMC values of 
the specimens. 
 
4.2.5 Unconfined Compressive Strength 
In this test series, specimens were prepared at their respective OMC and MDD by 
applying standard compaction effort. The compacted samples had slightly overtaken 
the OMC level of each specimen and therefore the MDDs were slightly decreased in 
the samples. The water mixed samples were cured in sealed containers for three 
hours for homogenisation of the moisture and then the compacted samples were 
cured for four days in sealed containers prior to the test performed. These curing time 
 
Figure 4.5 Summary of CBR values for unsoaked and soaked tests 
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Chapter 4: CHARACTERISTICS OF TESTING MATERIALS - RCA WITH CONSTITUENTS 
100                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
periods were based on the best curing time periods for the RCA samples, which were 
revealed through CBR test series.  
Table 4.7 shows the results of the UCS test and the results reveal that the UCS values 
of the specimens decreases with an increase in RM003 percentage since there is 
possibly more residual cement in RM001 than RM003.  The residual cement can act 
as bonding agent among aggregates and give high strength to the sample. Therefore, 
the higher residual cement content (RM001) has strengthened the unconfined 
strength of RCA specimens. The increase in RM003 caused an increase in finer 
particles, possible brick and RAP. Those constituents have reduced the friction of 
interlocking particles and hence lower the unconfined strength of the compacted 
specimens.  
The requirement of a minimum 0.7 MPa of UCS is for the modified stabilised 
materials for base layer material; that is after the addition of cementitious binders, 
lime or chemical binders with granular materials (Australia  2008a). The modified 
materials are assumed to behave like unbound granular materials and have a 
maximum 1.5 MPa limit on the UCS (Andrews and Group  2006). The first two 
samples (RM1-100/RM3-0, RM1-80/RM3-20) have UCS 0.45 and 0.44 MPa 
respectively and can predict the possibility of improving their UCS more than 0.7 
MPa by adding little quantities of binders as required. Adding more binders to gain 
the required compressive strength can possibly apply to the other samples as well.  
Table 4.7 Unconfined compressive strength values of RCA samples 
Sample Type UCS (MPa) 
RM1-100/RM3-0 0.4504 
RM1-80/RM3-20 0.4365 
RM1-60/RM3-40 0.3811 
RM1-40/RM3-60 0.3234 
RM1-20/RM3-80 0.3014 
RM1-0/RM3-100 0.2772 
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4.3 SUMMARY AND CONCLUSIONS -TESTING PROGRAMME-1 
The primary objective of “Testing Programme-1” was to compare the classification 
and strength characteristics of commercially available RCA products with those of 
standard granular materials specified by DTRM, Queensland, Australia. The best 
product is then used for testing programs -2 and 3, the results of which are presented 
in subsequent chapters. 
The results/findings of testing program -1 are summarised below: 
 The particle size distribution curves of tested RCA samples are well-graded 
before and after compaction. However, considerable particle breakage was 
observed during compaction and therefore, it is recommended that PSD of 
RCA products is obtained after compacting them into the compaction mould. 
 The comparisons of PSD curves of RCA products with those of standard road 
base granular (Type 2.1) revealed that RCA has slightly less coarser and finer 
particles compared to standard road base granular material. Therefore, it is 
required that the production process of RCA is modified to fulfil the 
requirement of base layer materials’ gradation.   
 Plasticity index of RCA fines (< 0.425 mm) is within the range of 5.4 – 7 and 
that is similar to the high quality granular pavement materials (Crushed 
Rhyolite and Hornfels)  
 The proctor compaction tests on RCA samples used in the testing program 
revealed that MDD and OMC are within the range of 1.75 – 1.85 t/m3 and 
13.2% – 14.2 %, respectively. RCA samples indicated lower MDDs and higher 
OMCs relative to the high quality granular pavement materials (Crushed 
Rhyolite and Hornfels)  
 Three hours of moisture homogenisation period and four days of curing 
period for compacted specimens were required for RCA products to give the 
optimum CBR values in the laboratory CBR tests.  
 The achieved moisture contents of the CBR test specimens were in the range 
of 105-107% OMC. Therefore, the obtained results were below the CBR 
80%, which is the minimum standard soaked CBR value for base layer 
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material in high traffic volume roads. However, the first two samples; RM1-
100/RM3-0, RM1-80/RM3-20 showed75% and 76% CBR values (closed to 
the 80% of CBR) even the moisture contents were around 105-107% of 
OMCs. In contrast, RM1-100/RM3-0, RM1-80/RM3-20, RM1-60/RM3-40 
samples had the CBR strength over 60% (at the moisture contents 105-107% 
of OMC), which is the minimum limit to use as a base layer material in roads 
with design traffic less than 10
6
 ESAs.  
 The next three samples (RM1-40/RM3-60, RM1-20/RM3-80, and RM1-
0/RM3-100) showed CBR as 60%, 58%, and 47% respectively at the 
moisture contents 105-107% of OMS. The values are greater than CBR 40%, 
which is the minimum requirement for the sub-base layers in roads with 
design traffic equal to or exceeding 10
6
 ESAs. However, the CBR results 
were affected by higher moisture contents, which were over the 
corresponding OMC values. Therefore, it can be expected to achieve higher 
CBR results at or below the OMCs of the samples, since these materials are 
highly sensitive in moisture variation. 
 The unconfined compressive strength of the six RCA samples showed 
reasonable results without adding any binder materials. Therefore, it is 
expected to achieve higher unconfined strength by adding a small amount of 
binders for the six samples. 
 CBR and UCS test results are gradually decreasing with the increasing of the 
RM003 portion. Presence of more fines from RM003 has not caused strength 
gain in the blended samples. Therefore, it is simply concluded that RM1-
100/RAP0 (RM001) is the best RCA product to continue the “Testing 
Programme 2 and 3”. 
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5Chapter 5: CHARACTERISTICS OF TESTING 
MATERIALS - RCA WITH RAP 
5.1 INTRODUCTION 
This chapter presents the results and discussion of data of the physical property tests 
conducted, following “Testing Programme – 2”.  Physical property tests consisted of 
classification and strength property tests, which are detailed in Section 3.3.   
“Testing Programme -2” is explained in Section 5.2. Section 5.3 reports the 
characteristic properties of RAP used for this research. Section 5.4 presents the 
effects of RAP on the classification and strength properties of RCA. Section 5.5 
summarises the findings of this chapter. 
The comparison of the results of classification and strength properties of these RCA 
samples are done, similar to the “Testing programme-1” with those of standard 
pavement granular materials specified by the Department of Transport and Main 
Roads (DTMR),   Queensland, Australia. The applicability of standard granular 
material classification and strength tests for RCA mixed with RAP and limiting the 
amount of RAP in RCA when using standard classification and strength tests, are 
discussed in detail.  
5.2 TESTING PROGRAMME-2 
“Testing programme-2” was aimed to investigate the effects of RAP in RCA on its 
characteristic properties as granular pavement material. Testing programme-1 
(Chapter 4) concluded that sample RM1-100/RM3-0 (crushed clean concrete-
RM001) was the best classified RCA to be used as granular pavement material. Since 
RAP is one of the constituents in RCA which could significantly affect the 
classification, strength, and performance properties of RCA and testing 
methodologies, it is important to investigate the effect of RAP in RCA on its 
properties and testing methods. To investigate, five samples were produced by 
mixing RM001 with different percentages of RAP; new blended samples with the 
material mix ratios are shown in Table 5.1.  
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Table 5.1  New blended samples with the material mix ratios in testing programme-2 
Blended Sample Name RM001 (%) RAP (%) 
RM1-100/RAP0 100 0 
RM1-95/RAP05 95 5 
RM1-90/RAP10 90 10 
RM1-85/RAP15 85 15 
RM1-80/RAP20 80 20 
 
The experimental programme was designed to investigate the effect of sample 
preparation temperature on the test results of classification properties of RCA mixed 
with RAP. Therefore, three test series were designed varying the drying temperature 
at the sample preparation. Details of the three test series were explained in section 
3.6. The sample names under the three test series are presented in the Table 5.2. 
Table 5.2 Sample names with their tags in three test series 
Primary 
Sample Name 
Sample name indicating the drying temperature of three test series 
Samples dried in room 
temperature (Not oven 
dried samples-NODSs)  
Samples dried in 
oven (Oven dried 
samples-ODSs)  
Sample ignited in 
furnace (Ignited 
sample-ISs) 
Test Series I-NODSs Test Series II-ODSs Test Series III-ISs 
RM1-100/RAP0 RM1-100/RAP0/ NODS RM1-100/RAP0/ ODS  RM1-100/RAP0/ IS 
RM1-95/RAP05 RM1-95/RAP05/ NODS RM1-95/RAP05/ ODS Not applied 
RM1-90/RAP10  RM1-90/RAP10/ NODS RM1-90/RAP10/ ODS RM1-90/RAP10/ IS 
RM1-85/RAP15  RM1-85/RAP15/ NODS RM1-85/RAP15/ ODS Not applied 
RM1-80/RAP20  RM1-80/RAP20/ NODS RM1-80/RAP20/ ODS RM1-80/RAP20/ IS 
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The classification and strength tests considered in this study are: particle size 
distribution (PSD), flakiness index, Atterberg limits, linear shrinkage, proctor 
compaction, water absorption and specific gravity tests, California bearing ratio 
(CBR), ten percent fines value test and unconfined compressive strength (UCS) tests.  
Sample evaluation is then done following the QDTMR specifications to identify the 
maximum amount of RAP in RCA that can be allowed when RCA is used as a 
granular pavement material. 
5.3 CHARACTERISTICS OF RAP 
The properties of the reclaimed asphalt can be varied region to region, depending on 
bitumen properties, aggregate types and gradation. Therefore, it is important to 
measure properties of the RAP (bitumen content, particle size distribution, water 
absorption and specific gravity), which is used in this research. 
Bitumen Content of RAP 
Two test methods were followed to determine the bitumen content of used RAP 
samples; solvent extraction method and ignition method. 
Solvent Extraction Method 
The coated bitumen of the aggregates were completely dissolved in toluene liquid 
and then the supernatant liquid (bitumen dissolved toluene) was analysed to 
determine the bitumen content of a representative RAP sample. Figure 5.1(a) shows 
a representative sample of RAP, which was mixed with a sufficient quantity of 
Toluene in a flask. Figure 5.1(b) shows the asphalt particles after removing the 
bitumen by liquid toluene. The flask was gently warmed and shaken during the 
refluxing operation to prevent the binder from caking on the bottom of the flask. 
Once the sample was cooled down to room temperature, a known quantity of 
supernatant liquid was taken to a container and the solvent evaporated by 
maintaining temperature at about 350
o
C on a hotplate. The mass of the retained 
binder was calculated and the percentage of binder in the RAP sample was 
determined by extrapolation. It resulted in 3.87% of bitumen content in the RAP in 
accordance with the solvent extraction method. 
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(a) (b) 
Figure 5.1 (a) RAP mixing with toluene (b) RAP particles after removal of bitumen 
Ignition Method 
  
(a) (b) 
Figure 5.2 (a) Sample in the furnace (b) RAP sample after ignition 
A representative sample was prepared by drying in the oven at about 105
o
C to 
remove the moisture prior to the ignition. Then the sample was ignited in a furnace 
with the temperature at 540
o
C until the mass was stabilized. Figure 5.2(a) shows the 
sample in the ignition oven and Figure 5.2(b) shows the RAP sample after ignition. 
Once the sample was cooled down to room temperature, the sample was weighed and 
the weight loss calculated. The weight loss represents the weight of organic matter in 
the sample, including bitumen. The result was 4.81%, slightly greater than the result 
of the solvent extraction method. The difference of the results of the two test 
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methods (0.94%) could be the loss of organic matter from the sample when it was 
burnt to 540
0
C. 
Particle Size Distribution-RAP 
 
Figure 5.3 PSD curves of RAP before and after removing bitumen and RM001 (RM1-
100/RAP0) 
Particle size distributions of RAP directly affect the properties of the blended 
samples. Therefore, as shown in Figure 5.3, PSD curve of RM001 was drawn 
together with PSD curves of RAP sample and bitumen removed RAP samples after 
the solvent extraction and ignition tests. The curves show a considerable increase in 
finer particles. The coarser fraction has been decreased due to the segregation of the 
stuck particles after bitumen was removed. 
Coefficient of Uniformity (Cu) and Coefficient of Curvature (Cz) of the RAP (with 
bitumen) were measured as 12.5 and 1.62 respectively, indicating that the used RAP 
is a well-graded material. The comparison of the PSD curves of the RAP with 
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RM001 shows a lack of coarser particles in RAP rather than the RCAs. Therefore, 
mixing RAP with RM001 could result in lower strength in the compacted state of the 
blended samples. 
Specific Gravity (Gs) and Water Absorption (WA) 
The specific gravity of the RAP was determined as 2.59, which is a relatively low 
value compared to that of blended samples (See the section 5.5.5). The low density 
of the bitumen in RAP aggregates marginally reduces the Gs of RAP compared to 
granular materials. The water absorption was 2.85 and 2.81 for the fines (particle 
size<4.75mm) and coarser particles (particle size>4.75mm) respectively. It is noted 
that there is a significant reduction of WA comparatively in RCA samples, which has 
been discussed in Section 5.4.5. The hydrophobic bitumen coats around the 
aggregates, obstructing the contact of water with them, thus reducing the absorption. 
5.4 PROPERTIES OF RAP MIXED RCA 
The RCA mixed with RAP samples shown in Table 5.1were tested after drying in 
three different temperature values as given Table 5.2. Totally, 13 samples shown in 
Table 5.2 were tested for classification and strength properties under three test series. 
The test results of the 13 samples, and classification and strength tests of these 
samples, is discussed in the following sections. 
5.4.1 Particle Size Distribution (PSD) of Materials 
Figure 5.4 shows the PSD curves of ODSs and NODSs samples and Figure 5.5 
shows ODSs with ISs curves with the lower and upper boundary levels of standard 
base material (Material subtype 2.1) of QDTMR. Figure 5.6 was drawn only for 
RM1-90/RAP10 for the three temperatures NODS, ODS and IS with lower and upper 
boundary levels of standard base material (Material subtype 2.1), to clearly illustrate 
the PSDs.  The PSD curves of the ODSs were kept as the references in both figures 
for the comparison, since the standard test methods are used for the oven dried 
materials. The comparison of the ODS and NODs depicts that NODSs are consisted 
of slightly higher coarse particles than ODSs. The conglomerate particles are easily 
separated once moisture is removed by the oven temperature at 105 
0
C thus, ODSs 
showed slightly lower coarser materials than NODSs. It is shown through similar 
                                      Chapter 5: CHARACTERISTICS OF TESTING MATERIALS - RCA WITH RAP  
Shiran Jayakody                                                                                                                                                  109 
 
behaviour of PSD curves in Figure 5.5 that the ODSs show relatively higher coarser 
particles than ISs. The furnace temperature of 540 
0
C has removed the bitumen coat 
of the RAP particles. Further, the sticky and conglomerate particles are easily 
segregated under such high temperature. Therefore, samples result in comparatively 
higher fine particles of ISs than ODSs. 
 
Figure 5.4 PSD curves for the NODSs & ODSs with minimum and maximum curves of 
“Material subtype 2.1” 
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Figure 5.5 PSD curves for the ODSs & ISs with minimum and maximum curves of 
“Material subtype 2.1” 
 
 
Figure 5.6 PSD curves of RM1-90/RAP10 for the NODS, ODS& ISs with minimum and 
maximum curves of “Material subtype 2.1 
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The comparison with gradation of standard base materials shows that all the blended 
samples are not within the range of the Material subtype2.1 and do not fulfil the 
required amount of coarser particles as well as fines (<0.425mm). Greater 
percentages (more than 50%) of materials are within the size of 0.425mm and 
10.00mm, indicating low coarser and finer fractions and high medium size 
aggregates. This adversely affects the strength of the materials in two ways.  
1. Lack of coarser aggregates makes poor grain-to-grain contact and decreases the 
shear resistance resulting in lower load bearing capacity due to less stiffness. 
2. Lack of fines in materials leads to poor compaction with more unfilled voids, 
thereby deforming readily when increasing the load.  
Gradation of the blended samples could be improved by adding fines and coarser 
particles to meet the specifications of base layer materials. However, these samples 
can exhibit relatively better strength and performance characteristics due to residual 
cement fines presented. 
 
5.4.2 Flakiness Index (FI) 
The flakiness index reflects the shape of the material, which is more important in 
classifying the materials to determine the workability, compactability, and the 
tendency to break down during compaction.  
A flakiness index test was conducted only for six samples as it required a large 
quantity of materials and accessibility of the test apparatus, which is at the QDTMR 
laboratory in Brisbane, Queensland. Figure 5.7 shows the used slot gauge for the test 
and results are tabulated in Table 5.3. Results show almost similar values of flakiness 
index in the six samples and these values are well below the maximum of “Material 
type 2”. The shapes of the RCA particles are not accepted as flaky shape and have a 
desirable particle shape for pavement material. Therefore, the test results illustrated 
that the particle shape does not work in support to break down under heavy loads. 
However, a significant particle breakage was observed in RCA in “Testing 
programme-1” (Chapter 4). Those aggregates have already been subjected for two 
crushing processes and therefore, fractured and fatigue aggregates are presented. The 
minor fractures on those aggregates further propagate with loading and easily break 
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under the compaction. Therefore, significant material breakage is shown even when 
the material shape does not support to break down the materials. The results further 
suggest that the effect of RAP and the sample preparation temperature is negligible 
on the flakiness index. 
 
 
Figure 5.7 Slot gauge of Flakiness index test 
 
Table 5.3 Flakiness index values of NODSs and ODSs with “Material type 2” 
Sample 
Flakiness Index % 
NODS ODS 
RM1-100/RAP0 11 12 
RM1-95/RAP5 - - 
RM1-90/RAP10 11 11 
RM1-85/RAP15 - - 
RM1-80/RAP20 11 12 
Specifications for Material type 2 - Flakiness Index General (%) maximum 
Material subtypes 2.1, 2,2 35 
Material subtypes  2.3, 2.4 40 
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5.4.3 Plasticity Index and Shrinkage 
Plastic properties of the samples in three test series are shown in Table 5.4. LL and 
PL values are varying in a small range with almost similar results in NODSs and 
ODSs. The LL values of the ISs were slightly lower than the values of other two test 
series. It was difficult to conduct a PL test by the rolling method on the fines of ISs, 
due to its non-cohesiveness (Figure 5.8). The non-cohesive fines of ignited samples 
verify the mineralogical change of the materials after being ignited at 540 
0
C. The 
results are then compared with the standard specifications of “Materials type 2” as 
shown in Table 5.5. The maximum allowable LL is 25 for “Material type 2.1 and 
2.2”, which shows all the blended samples are below that limit. The plasticity index 
(PI) is varied in between 5-8 since the PL of the samples are slightly lower. The 
presence of non-cohesive sand fines and RAP fines led to low plastic properties in 
the samples. However, the NODS and ODS fines are within the PI range of high 
quality crushed aggregates’ fines such as Rhyolite (PI=6) and crushed Hornfels 
(PI=8) (Jameson, et al.  2010). Therefore, a certain contribution of fines on shear 
strength of the compacted samples can be expected. 
Table 5.4 Summary of the plastic properties of samples in three test series 
Sample Name  
Liquid Limit Plastic Limit Plasticity Index 
NODS ODS IS NODS ODS IS NODS ODS 
RM1-100/RAP0 23 21 18.8 16.2 15.6 - 6.8 5.4 
RM1-95/RAP05 23 25 X 16.8 17.9 X 5.2 7.1 
RM1-90/RAP10 22 24 19.3 14.3 16.6 - 7.7 7.4 
RM1-85/RAP15 22 23 X 15.6 15.8 X 6.4 7.2 
RM1-80/RAP20 22 23 17.7 14.7 16.2 - 7.3 6.8 
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Table 5.5 Specifications for plastic properties of “Material type 2” 
Fine Sample 
Subtypes of “Material type 2” 
2.1 2.2 2.3 2.4 2.5 
LL (maximum) 25 25 28 35 40 
PI (maximum) 6 6 8 12 14 
 
The shrinking and swelling of the pavement layers adversely affects the performance 
when going through wet and dry cycles. A one-dimensional shrinkage test was 
conducted on materials to investigate their expansive nature.  
The linear shrinkage (LS) was observed at around 1% in all samples in the three test 
series. 
The measured LS value is less than maximum LS of “Material type 2” shown in 
Table 3.8. The results suggest that sample preparation temperature and presence of 
RAP in RCA have no significant effect on the linear contraction. The lower 
shrinkage property of samples guarantees low swell potential of the blended RCA 
samples. 
 
 
Figure 5.8 Non sticky fines of ignited RM1-100/RAP0 
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5.4.4 Compaction Properties 
Standard proctor compaction test was conducted on all the samples in three test 
series; the obtained optimum moisture content (OMC) and maximum dry density 
(MDD) values are tabulated in Table 5.6 and the moisture–density relation graphs are 
presented in Appendix-A. The MDDs’ of 13 samples showed almost similar values 
varying in a small range 1.745-1.808 t/m
3 
and a minor impact of RAP particles was 
observed. The RCA samples exhibited low MDDs compared to high quality crushed 
rocks such as Hornfels (2.32 t/m
3
), Limestone (2.34 t/m
3
) and Rhyolite (2.34 t/m
3
) 
(Jameson, et al.  2010). Lack of high quality crushed aggregates and lack of coarser 
materials could lead to lower densities in blended samples. In contrast, higher OMC 
values revealed the higher water demand of RCA than high quality crushed rocks 
such as Hornfels (6.5%), Limestone (6.5%), Rhyolite (5.85%) (Jameson, et al.  
2010). Presence of cement mortar increases the demand of water at the compaction. 
The higher water absorption values of the five basic samples in Table 5.7 verify the 
higher OMCs due to higher water suction. The presence of RAP in the samples has 
not had a significant effect on OMC values. However, the sample preparation 
temperature has a significant effect on OMCs on the ODSs. The OMC values have 
increased more in ODSs than NODSs. It can be expected that during the oven drying 
the conglomerate particles are scattered into finer particles and facilitate more 
surface area to absorb more water. However, ISs appeared to have lower OMC 
values than ODSs. It can be assumed there was a mineralogical change converting 
the cement particles into low water demanding materials (especially finer particles) 
after an ignited temperature.  
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Table 5.6 Optimum moisture content & maximum dry density of samples 
Sample Name 
NODS ODS IS 
OMC-
% 
MDD-
t/m
3
 
OMC-% MDD-t/m
3
 
OMC-
% 
MDD-
t/m
3
 
RM1-100/RAP0 9.4 1.764 13.2 1.748 9.4 1.808 
RM1-95/RAP5 9.6 1.745 13.2 1.785 _ _ 
RM1-90/RAP10 8.8 1.763 13.7 1.785 8.4 1.788 
RM1-85/RAP15 9.0 1.770 13.3 1.789 _ _ 
RM1-80/RAP20 9.7 1.778 12.9 1.789 7.5 1.807 
 
5.4.5 Water Absorption and Specific Gravity 
Higher OMC values of the blended samples made an incentive to determine the 
water absorption (WA) of five basic samples. The test results in Table 5.7 show 
higher absorption values in the five blended samples with a range of 5.65-7.77 % in 
fine fraction and 5.91-6.5% in coarse fraction. The values are much higher in 
comparison to natural aggregates whose absorption is about 0.5-1% (Rao et al.  
2007). High porosity was due to the adhering cement mortar around the original 
aggregates and the presence of cement fines caused high water absorption. Water 
absorption affects the other properties of the materials, and particularly increases the 
workability. On the other hand, higher water demand adversely affects the use of 
RCA and is not to be recommended for the applications in arid zones where the 
water sources are scarce (Padmini, et al.  2009).  
The specific gravity (Gs) results of the five basic samples are also tabulated in Table 
5.7. The Gs values are relatively lower than crushed rock aggregates, whose Gs is 
around 2.85 (Vegas et al.  2008). The blended samples contain crushed and 
uncrushed parent aggregates coated with cement mortar, small pieces of hardened 
mortar and bitumen-coated aggregates which result in low Gs. The Gs of the 
specimens has reduced marginally with an increase in the RAP portion, whose Gs is 
slightly lower than crushed concrete aggregates. The reduced quantity of coarse 
aggregates with a higher RAP portion in the blended samples and the presence of 
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lower density aggregates from RAP resulted in the reduction of Gs while RAP 
percentage increased in RCA. 
Table 5.7 Water absorption and specific gravity values of primary five samples 
  
RM1-
100/RAP0 
RM1-
95/RAP5 
RM1-
90/RAP10 
RM1-
85/RAP15 
RM1-
80/RAO20 
*F *C F C F C F C F C 
WA% 7.35 6.50 7.51 6.44 7.77 6.00 5.65 5.91 6.09 6.06 
Gs 2.643 2.632 2.623 2.614 2.610 
*F=Fine Particles < 4.75 mm  *C=Coarse Particle > 4.75 mm 
5.4.6 Ten Percent Fines Values (TPF) 
The ten percent fines’ value indicates the aggregates’ crushing behaviour and 
assesses the durability of aggregates for highway constructions (Shen, et al.  2009). 
A TPF test was conducted in accordance to the test programme discussed in Section 
3.3.2 and only six samples were tested since the test required a large quantity of 
materials. TPF values of the six samples and their wet/dry strength variation values 
are shown in Figure 5.9 and Table 5.8 respectively.  
 
Figure 5.9 TPF values at dry and wet conditions 
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Table 5.8 Wet/dry strength variation of TPF test 
Sample Name 
Ten Percent Fines Value 
Wet/Dry Strength Variation % 
NODS ODS 
RM1-100/RAP0 40 21 
RM1-95/RAP05 _ _ 
RM1-90/RAP10 26 29 
RM1-85/RAP15 _ _ 
RM1-80/RAP20 29 25 
The obtained TPF values at the wet condition were always lower than the dry 
conditions since higher water absorption weakens the bond of adhering mortar 
around the aggregates and separate from the attached aggregates. The effect of fine 
particles and RAP was negligible on the results since the test was performed on the 
aggregates sized 9.5-13.2 mm. The existing RAP particle in that size range is less 
than 4% and makes an insignificant impact on the TPF (See PSD curve of RAP in 
Figure 5.3). 
The resulted TPF values of the samples were above 100 kPa and indicated the ability 
to sustain an appreciable load against crushing and abrasion. The QDTMR has 
included the TPF values as one of the specifications for pavement materials. 
According to them the required minimum TPF values at the wet condition lie 
between 115-135kN for the ‘Material type 2.1’ and 100-115kN for the ‘Material type 
2.2’. Their specifications for the maximum wet/dry strength variation for the 
“Material type 2” is 30-40% (Table 3.8) (MainRoads  2010c). The obtained TPF 
values for the blended samples were observed in both ranges and did not appear as a 
regular correlation of the results with neither the amount of RAP portion nor the 
sample preparation temperature. The following reason for the inconsistence results of 
the TPF tests was noticed. 
 The conglomerate particles and the adhering cement mortar around the 
aggregates are easily crushed and contribute more fines instead of crushing 
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the aggregates while load increases on the specimens. Therefore, the required 
load to produce the 10% of fines affected by the existing quantity of cement 
mortar attached in aggregates and the presence of hardened mortar in the test 
samples. It is thus difficult to assess the crushing resistance of recycled 
concrete aggregates with the TPF value test. Therefore, evaluation of RCA 
based on TPF test results is not reliable.  
5.4.7 California Bearing Ratio - CBR Characteristics 
The load bearing capacity of the samples in three test series were examined by the CBR 
index, under unsoaked and soaked conditions.  
Unsoaked CBR  
Figure 5.10 shows the unsoaked and soaked CBR values together for the 13 samples 
of three test series. The results highlight a common trend in the three test series, 
which was a slight decrease in CBR indices with the addition of RAP by replacing 
crushed concrete. This can be explained by three facts: 
1. Cement fines in crushed concrete aggregates reacts with water and harden the 
mixture of recycled aggregates. When the RAP portion is increased, the re-
cementing process is weakened resulting in a reduced stiffness. 
2. Reduced quantity of coarser particles due to the replacement of RCA by the 
RAP causes a shortage of higher stiffness particles. More medium sized 
particles present a higher surface area available in equal volume of specimen 
and make more shearing by facilitating higher deformation with load 
increase. 
3. The bitumen-coated RAP particles made poor interlocking between particles 
due to slipping and hydrophobic wet surfaces. This leads to weakening the 
load imparting to the contiguous aggregates and thus lowering the load 
sustained. 
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Figure 5.10 Unsoaked CBR values of the samples in three test series 
 
The sample preparation temperature did not make a considerable effect on NODSs 
and ODSs. However, CBR values of ODSs are slightly behind those of the NODSs. 
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o
C) (Explained in Section 5.4.4).  
The ignited materials (ISs) showed outstanding results in CBR.  This explicates two 
attributes of the RCA after the ignited temperature: 
1. Ignited temperature removed all the organic composition and decreased the 
demand of water for compactions at MDDs. Compacted specimens with low 
moisture contents strengthen the inter-particle bonds with increasing shear 
resistance.  
2. Mineralogical change of materials after the ignition of samples resulted in higher 
stiffness of the aggregates. 
The above two factors acted to improve the load sustained of the ISs by increasing 
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Soaked CBR 
The soaked CBR results of the samples of three test series are shown in Figure 5.10. 
It observed lower CBR values under the soaked condition than the unsoaked 
condition due to the increase in pore-water pressure in the compacted specimens. 
Presence of water weakens the shear strength by reducing the inter-particle bonding 
and consequently demotes the load bearing capacity.   
The effect of RAP on the soaked CBR values followed similar behaviour to the 
unsoaked values. The maximum CBR was achieved by the samples with 100% 
crushed concrete (RM1-100/RAP0) and gradually decreased with an increase of 
RAP. It was a common behaviour of decreasing the CBR values for the results of 
three test series. The possible reasons for the influence of RAP have been discussed 
under the unsoaked CBR results and were similarly applied under the soaked 
condition as well.  
Samples in the NODS and ODS test series indicated almost similar soaked CBR 
values. It can be noted that the effect of oven temperature has been weakened during 
the inundated period of the compacted specimens. Therefore, it can be highlighted 
that drying the samples in an oven with temperature of 105 
0
C prior to the sample 
preparation does not make a significant impact on the results of soaked CBR. The 
ignited samples showed an appreciable CBR value as same as the unsoaked test 
series. However, it observed higher moisture contents in the RM1-90/RAP10/IS 
which was over the OMC. The achieved moisture content was about 110% of OMC. 
Thereby, the CBR result was affected by over OMC and had a lower CBR value in 
the RM1-90/RAP10/IS sample than the RM1-80/RAP20/IS sample. Therefore, 
higher soaked CBR values could be predicted in the RM1-90/RAP10/IS sample than 
the obtained value at the exact OMC level.  
The RM1-100/RAP0 sample, which represented clean RCA (RM001), depicted the 
best CBR result at the unsoaked and soaked conditions in the three test series. The 
bearing capacity marginally reduced with the increase of RAP portion up to 15%. It 
is observed that the trend of decreasing the load was sustained with the substitution 
of RAP over 15%. The samples showed appreciable soaked CBR values when 
compared with the standard specifications of QDTMR shown in Table 3.10. Except 
for the RM1-80/RAP20 sample, other samples in the three test series exhibited 
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soaked CBR values higher than 80%, which is the lower margin for base layer 
materials in high traffic volume roads (Material subtype 2.1). Therefore, it can be 
concluded with the soaked CBR results that the load sustained by RCA as a base 
layer material is unlikely to be a problem in high traffic volume roads when the RAP 
presence is up to about 15%.  
5.4.8 Unconfined Compressive Strength Testing 
The unconfined compressive strength (UCS) test is an important indicator for the 
stabilised and bound materials in the pavement industry. Even though it is not a 
common test for untreated pavement aggregates, the blended samples were tested to 
investigate the binding effect of residual cement in load sustained under unconfined 
conditions. 
In this test series, specimens were prepared at their respective OMC and MDD by 
applying standard compaction effort. Figure 5.11 presents the results of UCS values 
of the samples of the three tests series. The residual cement has been acting like a 
binder material and has improved the inter-particle bonding in compacted specimens. 
Conversely, increasing the RAP portion decreased the residual cement and degraded 
the cohesiveness of the specimens. This caused the reduction of compressive 
strength. Additions of the bitumen-coated asphalt particles further caused reduction 
of cohesiveness due to the slippery surfaces. The hydrophobic wet surfaces of 
bitumen-coated particles reduced the UCS values by decreasing inter-particle friction 
and shear resistance. The results of NODSs and ODSs did not show a significant 
variation since the oven drying has not made an impact on the particle strength under 
unconfined conditions. Curing periods of the water-mixed samples and compacted 
specimens might be softening the effect of the sample preparation temperature (105 
0
C). However, the ignited samples behaved as binder treated materials. They 
appeared to have greater inter-particle bonds due to the high friction of inter-locking 
particles. It should be noted that RM1-100/RAP0 in IS series has gained a greater 
UCS comparatively over all the other samples. The target optimum moisture content 
value of this sample could not be achieved and it was less than OMC (about 85% 
OMC) even though other samples were tested at their corresponding OMC values. 
However, this incidence guides us to predict higher UCS values of the RCA 
specimens below the corresponding OMC levels.  
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Figure 5.11 Summary of unconfined compressive strength of the samples 
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5.5 SUMMARY AND CONCLUSIONS -TESTING PROGRAMME-2 
The laboratory “Testing Programme-2” included a detailed classification test series 
to characterise the RCA mixed with RAP samples. The effect of bitumen in RAP 
particles on the characteristics of RCA was investigated under a three test series by 
varying the sample preparation temperature. The obtained results were then 
compared with specifications of the pavement materials specified by DTMR, 
Queensland, Australia.  The established conclusions based on the classification and 
strength property tests are summarized below: 
 The comparisons of PSD curves of RCA products in three test series with 
those of standard road base granular (Type 2.1) revealed that RCA has 
slightly less coarser and finer particles compared to standard road base 
granular material. Therefore, it is required to modify the production process 
of RCA to fulfil the requirement of base layer materials’ gradation.   
  The flakiness index of the RCA samples is within the range 11-12% and that 
is within the range of high quality base layer material “Material subtype 2.1”.  
 The linear shrinkage of the blended samples observed around 1% that is 
below the maximum limit 3.5% of “Material subtype 2.1”. 
 Plasticity index of RCA fines (< 0.425 mm) is within the range of 5.4 – 8 and 
is similar to the high quality granular pavement materials (Crushed Rhyolite 
and Hornfels)  
 The proctor compaction tests on RCA samples used in the testing program 
revealed MDD and OMC are within the range of 1.745-1.778 t/m^3 and 8.8-
9.7%, respectively in NODSs, 1.748-1.789 t/m^3 and 12.9-13.7%, 
respectively in ODSs, and 1.788-1.808 t/m^3 and 9.5-9.4%, respectively in 
ISs. Sample drying in oven at 105
0
C demands more water at OMC of the 
RCA. The RCA samples indicated lower MDDs and higher OMCs relative to 
the high quality granular pavement materials (Crushed Rhyolite and 
Hornfels). 
 Water absorption of the finer fraction (<4.75 mm) and coarser fraction (>4.75 
mm) of the samples is within the range of 6.09 - 7.35 and 6.06 - 6.5 and is 
higher than high quality conventional crushed rocks.  
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   The specific gravity gradually decreased from 2.643 to 2.61 within increasing 
RAP portion from 0 to 20% in RCA, which is lower than high quality 
granular materials. 
 TPF values of the RCA samples under wet conditions varied in the range of 
102-118 kN in NODSs and 109-124 kN in ODSs showing an irregular 
behaviour of the results. The wet/dry strength variation of the NODSs and 
ODSs is in the range of 26-40 % and 21-20 % respectively. These values are 
within the specification of “Material subtype 2.1 and 2.2” of QDTMR. The 
obtained TPF values for the blended samples did not appear to be a regular 
correlation, with neither the amount of RAP portion nor sample preparation 
temperature. It can be observed that the conglomerate materials and adhering 
cement motar on the original aggregates contributed fines instead of crushing 
the aggregates with load increasing. Therefore, the TPF values cannot take 
into account in evaluation of RCA materials. 
 Presence of adhering cement motar attached to aggregates made a greater 
effect on TPF value test results. This indicated that the TPF test is not a 
compatible test method to evaluate the crushing resistance of RCA. However, 
reasonable results of a ten percent fines’ value test indicated higher resistance 
of the samples’ aggregates to crushing under compressive load. . 
 The UCS values of the samples at corresponding OMCs were gradually 
decreased by increasing the RAP portion from 0-20% in RCA. Samples 
indicated results within the range 3.8-5.0MPa in NODSs and ODSs. The UCS 
values are below the 0.7MPa, which is the minimum requirement for 
modified stabilised base layer materials.  However, RCA samples showed 
appreciable UCS values without any stabilization material due to the 
contribution of cement motar. Therefore, it can be predicted, the unconfined 
compressive strength could be easily upgraded by adding a small quantity of 
binders according to the requirement of applications.  
 The samples had appreciable CBR values at their corresponding OMCs and 
MDDs. The obtained soaked CBR results of the first three samples (RM1-
100/RAP0, RM1-95/RAP05, RM1-90/RAP10) in both NODS and ODS test 
series were above the CBR 80%, which is the minimum standard soaked 
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CBR value for base layer material in high traffic volume roads. When RAP 
portion is 15% in the RM1-85/RAP15 sample, the soaked CBR behaved 
around 80%, and beyond the 15% of RAP in RCA tends to lower the soaked 
CBR. It is seen that the substitution of RAP over 15% leads to lower the load 
bearing capacity below the standard limit of high quality base layer material. 
The laboratory study results revealed that RCA with RAP up to 15% is 
technically viable to use as a base material in unbound structural layers of 
high traffic volume roads. 
 However, in comparison with QDTMR specifications, the above results show 
that RCA with 20% of RAP is appropriate  to use as either sub-base material 
in high volume roads (ESA > 10
6
) or as base  layer material in low volume 
roads (ESA < 10
6
) where the required minimum soaked CBR is 60%. 
 Ignition of samples at 540oC might have impacted on the mineralogy of the 
blended samples since those samples showed outstanding strength properties 
at the CBR and UCS tests. Ignited temperature altered the consistency of the 
materials; this has been facilitated for high compaction with strong inter-
particle bonds to withstand higher load. It reveals that ISs have gained higher 
shear strength at their OMCs and MDDs. In contrast, comparison of the 
results of ISs with NODSs and ODSs depicts that the constituents of organic 
matters (which evaporated at 540
0
C temperature) make a significant impact 
on the strength and stiffness of RAP blended RCA specimens.  
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6Chapter 6: REPEATED LOAD TRIAXIAL TEST 
6.1 INTRODUCTION 
Mechanical properties of the materials were tested under “Testing programme – 3”. 
It was designed into two major test series for repeated load tri-axial (RLT) test and 
wheel tracker (WT) tests respectively. This chapter presents the results and 
discussion of the data of the RLT programme. The RLT test programme was 
conducted in two test series. Test series-1 was designed to investigate the effect of 
RAP in RCA on the performance characteristics and Test series-2 was designed to 
characterize the effect of moisture content on the mechanical properties of RCA. 
The RLT tests programme is explained in Section 6.2. Section 6.3 started with a brief 
introduction of the “Test series-1” and results are discussed in Section 6.3.1 and 
6.3.2. Test series-2 of the RLT test programme is explained in Section 6.4. Section 
6.5 discussed the results of elastic properties of the RCA within two sub-topics and 
Section 6.6 discussed the results of plastic properties of RCA within three sub-topics. 
The summary of the findings has been concluded in Section 5.7.  
6.2 RLT TEST PROGRAMME 
The “Testing programme-3” was designed to determine the performance 
characteristics of the RCA under repetitive loads. Two laboratory performance tests, 
RLT test and WT tests were performed on the materials under different test 
conditions. The result of the RLT test series discussed in this Chapter and the results 
of the wheel tracker test series are discussed in the forthcoming Chapter 7. 
The RLT test series was planned in two sub-series as follows: 
Test series-1: To determine the effect of RAP on mechanical properties of RCA 
Test series-2: To determine the effect of moisture content on mechanical properties 
of RCA  
The RLT test programme has been detailed under the “Testing programme-3” in 
section 3.7.1 and in Table 3.5. 
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6.3 MECHANICAL PROPERTIES OF RCA MIXED WITH RAP 
Test series-1of the RLT test programme (in Table 3.5) was designed to investigate 
the effect of RAP on the performance characteristics of RCA. The sample mix ratios 
similar to “Testing programme 2” were followed, and blended samples with the 
material mix ratios are shown in Table 6.1. RLT tests were conducted at maximum 
dry densities (MDDs) and two moisture contents as below: 
1. Corresponding water contents of the samples at degree of saturation (DOS) is 
60% 
2. Corresponding optimum moisture contents of the samples.   
(Section 3.7.1 has detailed the reasons for selection of the above moisture levels, test 
procedure and testing conditions.) 
The obtained results for the plastic and elastic behaviours of the blended samples are 
discussed in the following sections. 
Table 6.1 Sample names with the mix ratio of RM001 and RAP 
Blended Sample Name RM001 (%) RAP (%) 
RM1-100/RAP0 100 0 
RM1-95/RAP5 95 5 
RM1-90/RAP10 90 10 
RM1-85/RAP15 85 15 
RM1-80/RAP20 80 20 
 
6.3.1 Effect of RAP and Moisture content on Plastic Behaviour of RCA 
Minimizing the formation of rut depth in pavement construction is the key aspect in 
pavement designing. The prediction of rutting in flexible pavement is extremely 
complex, since it basically depends on the quality of the base and sub-base materials 
as well as the environmental conditions (e.g. freezing/thawing, flooding, natural 
drainage system etc.). Therefore, examining the nature of permanent deformation of 
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the pavement materials is the foremost factor in understanding and assessing the 
behaviour of materials in pavement rutting (Lekarp and Dawson  2000). 
Figures 6.1 and 6.2 illustrate the plastic deformation of the five specimens at OMC 
and 60% of DoS levels. Rapid plastic deformations of the five samples are observed 
at the initial cyclic loads due to the effect of densification in both moisture levels. 
The densification effect was greater with increasing of the RAP portion. The effect 
of RAP on the densification was significantly noticed when the RAP percentage is 20 
at both the moisture levels. Therefore, presence of RAP up to about 15% in RCA 
does not show a significant impact on the initial stabilization. The densification 
effect makes higher deformation at the initial loading cycles due to the insufficient 
compaction effort (Allen  1973). Standard compaction effort was applied for the 
sample preparation in the test series and could be expected a significant reduction of 
permanent strain by lowering the initial stabilization under the modified compaction 
effort. It was revealed that RCA required higher compaction effort at the construction 
in pavement layers to minimize the rutting deformation due to the initial stabilization 
under vehicular loads. 
 
Figure 6.1  Permanent strains of RCA mixed with RAP at OMC for 50000 cycles 
 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
0 10000 20000 30000 40000 50000 
P
er
m
an
en
t 
S
tr
ai
n
 -
  
%
 
Number of Loads Cycles 
RM1-100/RAP0-OMC 
RM1-95/RAP5-OMC 
RM1-90/RAP10-OMC 
RM1-85/RAP20-OMC 
RM1-80/RAP20-OMC 
Chapter 6: REPEATED LOAD TRIAXIAL TEST 
130                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
 
Figure 6.2  Permanent strains of RCA mixed with RAP at 60% DoS for 50000 cycles 
Figure 6.2 illustrates that the presence of RAP up to about 15% in RCA specimens 
has not significantly affected the accumulation of permanent strain at the 
corresponding optimum moisture contents. The accumulated plastic strains of the 
samples of RM1-100/RAP0, RM1-95/RAP05, RM1-90/RAP10, and RM1-85/RAP15 
fluctuated within a small range at 0.9-1.4% indicating a continuing decrease of the 
rate of deformation. It can be expected that the gradation of those samples at low 
RAP content facilitated better compaction and thereby increase the stiffness to resist 
plastic deformation under repetitive loadings. The specimen of RM1-80/RAP20 
exhibits comparatively higher deformation and the rate of strain accumulation was 
being still increased at the 50,000 load cycles.  
Figure 6.3(a) further illustrates the deformation behaviour of the specimens shown in 
Figure 6.1. The rates of deformation with the depth of permanent deformation 
explain the formation of permanent strain after initial stabilization in Figure 6.3(a). 
The specimens had higher deformation rates with higher permanent deformation at 
the beginning of load cycles. A rapid drop of the rate of deformation within a small 
range of rut depth is exhibited in all the specimens at their OMC values. After the 
sudden stabilization, the rate of deformation approached zero value indicating a 
positive sign of a tendency to harden the plastic strain with more load cycles.  
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According to Figure 6.2, the specimens mixed with 20% RAP still showed the 
highest strain at the 60% (RM1-80/RAP20) of DoS level. In contrast, it has been 
significantly noted that specimens mixed with 15% RAP (RM1-85/RAP15) have 
considerably decreased their plastic deformation at 60% of DoS level than OMC 
(DoS=68%). However, five samples have given appreciable results in their plastic 
deformation at the 60% DoS level. RM1-85/RAP15 depicts permanent strain below 
1.5% while the RM1-80/RAP20 specimen had just above 1.8% of permanent strain. 
The other three samples (RM1-100/RAP0, RM1-95/RAP5, RM1-90/RAP10) depict 
less than 1.2% of permanent strains at the end of 50,000 load cycles. Ultimately, all 
the specimens exhibited below 2% of permanent strains within 50,000 load cycles. 
Figure 6.3 (b) further illustrates the rate of deformation of the specimens with 
formation of permanent deformation at the 60% of DoS level. Unlike Figure 6.3 (a) 
the curves do not exhibit rapid drop of deformation rate at the beginning of load 
cycles. All the specimens show a gradual decrease of deformation rate up to a certain 
level and thereafter a rapid drop was indicated. After the stabilization of all the 
specimens, the gradual decrease of deformation rates approached zero value with less 
than 4 mm of permanent deformations. It observed the hardening of the plastic strain 
within a small range of permanent deformation at the 50,000 load cycles.  
 
(a) 
0 
1 
2 
3 
4 
5 
6 
0 1 2 3 4 5 6 7 8 
D
ef
o
rm
at
io
n
 r
at
e 
- 
m
m
/k
cy
cl
e 
Permanent deformation - mm 
RM1-100/RAP0 
RM1-95/RAP5 
RM1-90/RAP10 
RM1-85/RAP15 
RM1-80/RAP20 
Chapter 6: REPEATED LOAD TRIAXIAL TEST 
132                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
 
(b) 
Figure 6.3 Rate of permanent deformation versus permanent axial deformation at (a) 
optimum moisture contents (DoS=68%) and (b) DoS = 60% 
 
Permanent strain curves of the five samples at the two different water contents 
illustrate that materials’ performances are much appreciable at 60% DoS level. The 
higher water level at OMC has influenced the permanent strain values as well as the 
rate of strain accumulation at the end of 50,000 load cycles. More moisture at the 
OMC values leads to higher plastic deformation due to the generation of excess pore 
water pressure and lowers the shear resistance of compacted specimens. Presence of 
more water in the voids of compacted specimens lowers the component of shear 
stress and decreases the stiffness by weakening the load imparting. The 60% DoS 
levels seems to be adequate moisture content for positive impact on their stiffness to 
reduce the plastic deformation.  According to the Vuong and Hazell’s(2003) 
interpretation on plastic deformation behaviour, the first three specimens (RM1-
100/RAP0, RM1-95/RAP5, and RM1-90/RAP10) could be defined as “Stable” and 
the other two specimens (RM1-85/RAP15, RM1-80/RAP20) as “Unstable” at the 
optimum moisture contents. In contrast, all the samples showed “Stable” state at the 
60% DoS level.  
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Austroads Ltd has used the Vuong and Hazell’s definition for the material 
classification as stable, unstable and failure based on the behaviour of permanent 
strain. The definitions are as follows: 
Stable: Behaviour of permanent strain is defined as a decreasing rate of permanent 
strain and/or constant resilient strain (or constant to increasing modulus) with 
increasing loading cycles. 
Unstable: Permanent strain behaviour is as decreasing to constant permanent strain 
rate and/or constant to increasing resilient strain (or constant to decreasing modulus) 
with increasing loading cycles. 
Failure: Permanent strain should be constant to increasing rate or permanent strain 
and resilient strain increasing with loading cycles (or decreasing modulus).  
Materials behaviour in the “Stable” state is an appreciable quality for pavement 
material at the stress ratio 6/1 (750/125: Axial stress/Confining pressure) within 
50,000 load cycles. It is a satisfactory requirement for base material for pavements 
subjected to heavy traffic (10
7
 ESA). The five samples exhibit the permanent 
deformation behaviour in “Stable” state at the moisture content corresponding to 
60% of DoS level. Therefore high quality performance can be expected from the five 
samples as granular pavement material and can be classified as high quality material 
in terms of their plastic behaviour on repetitive loads.  
It is important to highlight that the net accumulation of permanent axial deformation 
has become sensitive to the increased RAP portion. Although it is not significance at 
small portion of RAP up to about 15%, a trend of higher deformations can be 
observed for the RAP portion over 15% in RCA. The gradation of the samples, the 
quality of the parent materials of asphalts, and presence of more particles with 
bitumen coat with the RAP materials are the possible factors to make an impact to 
lower the stiffness at higher quantities of RAP in RCA.  
 
 
 
Chapter 6: REPEATED LOAD TRIAXIAL TEST 
134                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
6.3.2 Effect of RAP and Moisture content on Elastic Behaviour of RCA 
The resilient modulus of the five samples with regard to the elastic deformation 
results are discussed in this section. Figure 6.4 shows the resilient modulus (Mr) 
results at the corresponding OMCs and 60% of DoS levels at the end of 50,000 load 
cycles. The samples exhibited a close relation of Mr values at each moisture level 
with a slight reduction while increasing the RAP portion. However, the obtained 
value of Mr has been dropped at the RM1-80/RAP0, indicating the RAP effect when 
it is present in higher quantities in RCA. Higher percentage of RAP (over about 
15%) particles contributes more medium size particles in RCA samples. This might 
have caused inappropriate gradation which adversely affected on compaction and 
thereby lowered the stiffness. Further, Thom and Brown (1988) explained the 
lubricating effect on particles, which makes an impact on resilient behaviour due to 
the lower inter-particle contact. The similar effect can be expected with bitumen-
coated RAP particles acting as hydrophobic surface. These particles’ surfaces made a 
lubricating effect at the wet condition while imparting the stress to adjacent 
materials. More RAP particles contribute more surface area with bitumen coat and 
the lubricating effect increases in the compacted specimens. 
 
 
Figure 6.4 Resilient Modulus values at OMC at the end of 50000 cycles 
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The advanced performance observed for the 60% of DoS levels compared to the 68% 
DoS (OMCs) level. Excess pore water generates with more moisture and declines the 
shear resistance. Stiffness of the compacted specimen reduces while the shear 
resistance become weakened and deforms more elastically, resulting lower resilient 
modulus. Furthermore, samples exhibit increasing behaviour of Mr at the low 
moisture content as shown in Figure 6.5 while the Mr curves at 68% of DoS (OMCs) 
behaved steadily, as shown in Figure 6.6. Continuous increasing of Mr depicts the 
decreasing of elastic strain of the RCA specimens at 60% DoS. The elastic 
deformation of RCA gradually decreases with hardening of the compacted specimens 
due to the re-cementing process with adequate water content. When the number of 
loading cycles is increased, the attached cement further segregates and reacts with 
water to provide excess strength by re-cementing. Therefore, elastic strains of the 
five samples can be interpreted as “Stable” state and predicts higher stiffness and 
resilient modulus at the greater number of load cycles (beyond 50,000).  
Figure 6.7 has been drawn to illustrate the behaviour of resilient modulus of three 
different high quality base layer materials (Material Type 2.1) at the 60% of DoS 
level within 100,000 load cycles. The three curves explain the materials’ attributes in 
resilient behaviour, such that some of the materials become steady state after a 
decreasing of their modulus, while some of the pavement materials become steady 
state after increasing the Mr. Although the tested RCA samples exhibited lower Mr 
values (range of 233-247MPa at 60% of DoS) than high quality base layer materials, 
(Figure 6.7) higher Mr values can be predicted at the 100,000 load cycles due to the 
increasing behaviour of Mr curves of RCA.   
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(c) (d) 
 
(e) 
Figure 6.5 Resilient behaviour of 5 specimens at 60% DoS level 
 
 
Figure 6.6 Resilient behaviour of 5 specimens at OMC levels 
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Australia. The Tables recommend minimum Mr as 150MPa for the normal standard 
base layer material and 210MPa for the high standard base layer material. The 
obtained Mr of the five RCA samples exhibit greater Mr than the minimum value of 
normal standard base material at the 68% of DoS (OMCs) while the Mr values are 
greater than the minimum value of high standard base layer materials at the 60% of 
DoS. The highlighted Mr values (below the black line) in the two Tables indicate the 
range of Mr values which can be applied for the pavement design with RCA under 
different thicknesses and modulus values of overlying bound material. However, the 
presented Mr values of the RCA samples were obtained at the 50,000 load cycles. 
The Mr behavioural curves depict an increasing rate of Mr at the end of the 50,000 
load cycles and can be predicted to have greater Mr values at the end of 100,000 load 
cycles, as discussed in previous section. Therefore, it can be expected that Mr of 
RCA is comparable to the high quality base layer material.  
 
 
Figure 6.7 Behaviour of resilient modulus of 3 different base materials 
6.4 MECHANICAL PROPERTIES OF RCA 
The test series-2 of the RLT test programme was designed to evaluate the elastic and 
plastic behaviour of clean RCA (RM001) under various stress and moisture 
conditions. Clean RCA showed the best properties in the Testing programme 1 and 2 
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which is free from constituents such as RAP, bricks, glass, and wood etc. Therefore, 
the impacts of those constituents are not taking into account the characterisation of 
resilient modulus and permanent deformation. The aim of this test series; 
1) To incorporate the resilient behaviour of RCA into existing computational 
models by enhancing the model parameters for various stress conditions in a 
selected range of moisture level. 
2) To develop an empirical relationship for the plastic deformation incorporating 
stress and moisture conditions. 
Test series-2 in Table 3.5 explains the designed RLT test programme for the RM1-
100/RAP0 (RM001) with the test conditions. Investigation of the performance 
characteristics was done for four moisture contents at corresponding DoS levels 60, 
68, 75 and 80%. DoS level of 60% was selected to represent the moisture content of 
the industrial applications (discussed in section 3.7.1). The 68% of DoS represented 
the corresponding optimum moisture content of the RM1-100/RAP0. The 
compaction moisture content was increased up to 75% and 80% DoS levels to 
experience the worst condition at higher water content. Sample preparation was 
discussed in section 3.3.3.Confining pressures were used as 25, 75, 125 and 175 kPa, 
keeping the standard value 125 kPa as the reference confining pressure. Each 
specimen was tested at a single confining pressure and four states of vertical stresses 
300, 450, 600 and 750 kPa. Each stress state of vertical stress was subjected to 
10,000 load cycles, thus one sample was subjected totally to 40,000 repetitive loads 
under a single confining pressure value. The obtained results are discussed in 
following sections. 
6.5 RESILIENT DEFORMATION BEHAVIOUR OF RCA 
Resilient modulus values were extracted at each stress state and at different moisture 
levels to evaluate the resilient behaviour. The test was conducted for 10,000 load 
cycles at each stress state and the average resilient modulus was considered for the 
calculations. Therefore, each data point of the Mr represents the resilient behaviour 
within the 10,000 load cycles. The obtained data is attached in Appendix B. The 
results have been discussed with respect to the variation of stress conditions and 
moisture contents. 
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Figure 6.8 illustrates the variation of resilient modulus (Mr) with degree of saturation 
at the four states of confining pressures: 25, 75, 125, 175kPa. In each graph (except 
Figure 6.8(a)) the four lines represent different principal stresses but similar 
confining pressure. The specimen could withstand only 300kPa of principal axial 
stress (σ1) at the 25kPa confining pressure (σ3) and samples were failed at σ1 
increases to 450kPa where the stress ratio “principal axial stress: confining pressure” 
was 12:1. It indicates that the RCA materials can possibly fail at higher stress ratio, 
that is, “principal axial stress: confining pressure” (σ1/σ3) over 12:1. 
The four graphs revealed three major observations of resilient behaviour of the RCA 
such that; 
 Resilient modulus decreases with increasing water content at all the stress 
conditions. 
 Decreasing rate of resilient modulus with degree of saturation increases at the 
higher confining pressures. 
 The sensitivity of principal axial stress on the resilient modulus is low at the 
low confining pressures. 
The excess pore water pressure decreases the stiffness with increasing the moisture 
contents of the specimens. Therefore, high performance is observed at the lowest 
moisture level and Mr decreased with increasing moisture content. However, the 
ranges of the modulus values of RCA have varied in a constricted range for the tested 
water contents (corresponding DoS values between 60% to 80%). The higher water 
absorption capacity of the RCA (in section 4.3.6) resulted in low moisture sensitivity 
on elastic behaviour and thus Mr within 60% to 80% of DoS range.  
Figure 6.8 (b) illustrates slight deviations of the Mr in each line at the confining 
pressure of 75kPa. The behaviour of the four lines have been scattered at Figure 6.8 
(c) and lines are spread more in Figure 6.8 (d), which represent the 125 and 175 kPa 
of σ3 respectively. While the confining pressure increased from 25, 125 and 175 kPa, 
the impact of σ1has become more sensitive to increase the Mr. It depicts that the 
contribution of the σ3on the Mr makes a significant impact at the higher values than 
lower for the same σ1. This behaviour of RCA agrees to the Rada and Witczak(1981) 
explanation of the effect of σ3 on granular materials, that the sensitivity of σ3 on the 
Chapter 6: REPEATED LOAD TRIAXIAL TEST 
140                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
σ1 increased at the higher σ3values to increase the Mr. According to the explanation 
given by Maher, et al. (2000), strain hardening can be expected due to reorientation 
of the grains into a denser state. Therefore, the compacted specimens become stiffer 
with increasing load repetitions and gradually decrease the elastic deformation, 
resulting in higher modulus.  
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(c) 
 
(d) 
Figure 6.8 Behaviour of Resilient modulus with degree of saturation at different stress 
conditions 
 
The data presented in the above curves was then used in the resilient modulus 
constitutive models to define the parameters which are fitted with RCA within the 
tested moisture range.   
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6.5.1 Modelling Resilient Deformation Behaviour 
Resilient modulus models are significant to explain the resilient behaviour of 
pavement materials under various stress conditions. These models are used to predict 
the Mr of the pavement materials in pavement design. The discussed results of the Mr 
in the previous section were further analysed to make a correlation for Mr with stress 
and moisture conditions. Three constitutive Mr model equations are used to 
determine the parameters to fix with the resilient behaviour of RCA in the range of 
moisture variation at 60-80% of DoS level.  
Following three constitutive equations were chosen to develop the correlations for 
predicting the resilient modulus model parameters.  
         
 
  
 
  
                                                             Eqn. 6.1 
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Where; 
Mr = Resilient Modulus 
   = Atmospheric pressure (103.4 kPa) 
  = Bulk stress (          
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   = Confining pressure 
   = Deviator stress 
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For the axisymmetric stress conditions in RLT test σ2 = σ3 and σ1-σ3 = σd. Hence the 
octahedral shear stress is reduced to: 
       = 
  
 
 (σd) 
  ,   ,    are model parameters 
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The selected model equations have been developed based on the stress states and 
widely used for predicting the Mr of granular materials. These models do not account 
for the specific soil type, soil structure or soil physical states. Equation 6.1 is known 
as k-Ө (Hicks  1970) model and widely accepted for analysis of the modulus of 
pavement materials since it has considered all applied stresses as a single component 
(Ө = summation of principal stresses and confining pressure). Equation 6.2 (Witczak 
and Uzan  1988) provides three dimensional explanations for the stress states of the 
materials in which the normal and shear stress change during the loading. The 
proposed model was recognised as the most convenient representation of the resilient 
modulus prediction for the pre-failure stresses and is known as a universal model. 
Equation 6.2 has been slightly altered  by Austroads Ltd, Australia to define the 
equation 6.3 (MainRoads  2009). They reported higher accuracy in equation 6.3 with 
their research on crushed rocks. Therefore, Equation 6.3 was selected in this study to 
determine the adequacy for RCA. 
The obtained Mr data from the test series-2 of the RLT test programme was analysed 
in non-linear regression analysis with the aid of “Matlab” statistical software. The 
test results of the Mr with corresponding stress values at the 4 DoS levels are 
presented in Appendix-B. The data were analysed to obtain the best fitting model 
curve to determine the model parameters k1, k2, and k3with minimum standard errors.  
The obtained regression constants k1, k2, k3 at each water content for Equation 6.1, 
6.2 and 6.3 are summarized in Table 6.2, 6.3, 6.4 respectively.  
Table 6.2 Regression results of model parameters of equation 6.1 
DoS % w % k1 Stand. Err k2 Stand. Err 
60 11.62 0.829 0.129 0.406 0.077 
68 13.20 .0782 0.108 0.408 0.068 
75 14.53 0.69 0.098 0.442 0.070 
80 15.50 0.673 0.129 0.431 0.095 
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Table 6.3 Regression results of model parameters of equation 6.2 
DoS % w % k1 
Stand. 
Err 
k2 
Stand. 
Err 
k3 
Stand. 
Err 
60 11.62 0.695 0.123 0.520 0.097 -0.097 0.054 
68 13.20 0.630 0.084 0.548 0.073 -0.118 0.041 
75 14.53 0.601 0.101 0.531 0.092 -0.074 0.052 
80 15.50 0.679 0.166 0.426 0.135 0.005 0.079 
 
Table 6.4 Regression results of model parameters of equation 6.3 
DoS % w % k1 
Stand. 
Err 
k2 
Stand. 
Err 
k3 
Stand. 
Err 
60 11.62 127.3 9.405 0.520 0.0966 -0.0969 0.0542 
68 13.20 118.0 6.652 0.548 0.0729 -0.1175 0.0405 
75 14.53 111.0 7.813 0.531 0.0917 -0.0739 0.0516 
80 15.50 112.0 11.398 0.426 0.1348 -0.0052 0.0791 
The tabulated k values represent the parameters for the tested moisture contents at 
four DoS levels. Therefore, interpretation of a correlation for the k-values and water 
contents values for the selected range of DoS levels was attempted. It would be 
guided for easy prediction of Mr, taking the moisture contents into account. To 
approach this, common interpretations for k1, k2 and k3 were established 
incorporating the moisture contents for each Mr model equation. The best fitting 
graphs for the k values versus moisture contents were drawn to correlate the k with 
moisture content (w) and the graphs are presented in Appendix-C. The resulted 
expressions for the k-w relation are shown below. It is important to highlight that 
these correlations are applicable only for the moisture contents in the range of 
corresponding DoS of 60-80% since the test results are limited for the above range. 
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Equation 6.1 
k1 = -0.0435 w + 1.3397 
k2 = 0.0088 w + 0.3009 
Equation 6.2 
k1= 0.0201 w
2
 -0.5517 w +0.4008 
k2 = -0.0216 w
2
 + 0.5629 w – 3.1144 
k3 = 0.0177 w
2
 - 0.4531w + 2.7834 
Equation 6.3 
k1= 1.1099 w
2– 34.264 w + 375.87 
k2 = -0.0216 w
2
 + 0.5639 w – 3.1221 
k3 = 0.016 w
2
 - 0.4111w + 2.5162 
 
Where; w = Moisture content in percentage (%) 
k1, k2, k3 = Model parameters  
 
6.5.2 Validation of the Model Parameters 
Three RLT tests were conducted at different water contents to validate the obtained 
parameters in the three constitutive models. The validation tests were conducted by 
following the standard test method of Austroad APRG 00/33-2000 (Voung and 
Brimble  2000). This test method has introduced 66 stress conditions (combination of 
different deviator stress and confining pressures) to simulate a wide range of stress 
conditions on the specimens. The validation tests were conducted for three different 
moisture contents between 60-80% of DoS levels. Figures 6.9, 6.10, 6.11 present the 
comparison of the laboratory measured Mr with the predicted Mr values at three 
moisture contents. It was assumed that the laboratory Mr values represent the true Mr 
of the tested RCA. Three graphs illustrate a close fit of the measured and predicted 
Mr values in terms of the line of equality. Therefore, the defined model parameters 
are accepted to predict the resilient modulus of RCA taking the moisture contents 
into the account. It is important to highlight that the moisture contents have been 
defined for the range of 60-80% of DoS level, which represents the critical moisture 
variation under the real climatic conditions.    
The predicted Mr values with the three equations do not show significant deviation 
from each other. It observed comparable values for the predicted Mr at the three 
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moisture contents even when equation 6.1 counts only the bulk stress, while 
equations 6.2 and 6.3 considered an additional component, octahedral shear stress as 
a variable. This revealed an important finding that the component of octahedral shear 
stress slightly affects the prediction of Mr of the RCA.  
The predicted and measured results of the Mr values at the 62.2, 71, and 73.3% of 
DoS showed slight decrease of Mr values with an increase in the moisture contents. 
The elastic deformation of the RCA has not significantly been affected by the higher 
moisture contents and does not show a significant impact of the “softening” of 
compacted specimens with increasing moisture in it. This is due to the presence of 
cement fines, which absorb more water and then harden with time. This is an 
appreciable characteristic of crushed concrete aggregates, which depicts its potential 
to withstand load even at the higher moisture levels. It signifies the potential use of 
RCA with steady resilient modulus as the water table rises.   
 
Figure 6.9 Measured versus predicted resilient modulus at 62.2% of DoS 
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Figure 6.10 Measured versus predicted resilient modulus  at 71% of DoS 
 
 
 
Figure 6.11 Measured versus predicted resilient modulus at 73.3% of  DoS 
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6.6 PLASTIC BEHAVIOUR OF RCA 
Corresponding permanent strain results of the test series-2 are presented in Figure 
6.12. Influence of stress levels at four stages of degree of saturation 60, 68, 75, and 
80% are clearly observed in the Figures6.12 (a), (b), (c), and (d).  Each figure 
consists of four curves which represent the different confining pressures (σ3) 25, 75, 
125, and 175 kPa respectively. The principal axial stress (σ1) was increased as 300, 
450, 600, and 750 kPa for constant σ3in each test, applying 10,000 load cycles for a 
single stress state. 
6.6.1 Effect of Stress and Moisture Content 
Significant influence of the confining pressure on permanent strain can be observed 
in each figure where higher deformation occurred for low confining pressures. With 
increasing σ1 permanent strain increased rapidly and gained higher deformation 
values. For the high confining pressure values, the rate of deformations became low 
with an increase in the number of load cycles.  
At the first stress state (σ1= 300 kPa), the permanent axial strain has become steady 
for all the stress ratios (12/1, 12/3, 12/5, 12/7) within 10,000 load cycles at the 60 % 
of DoS. The rates of deformation become steady with higher plastic strain when the 
water content increased.  The tested specimens were failed with the σ3=25 kPa when 
the σ1= 450 kPa at the second stress state. Tests were continued for the σ3=75, 125, 
and 175 kPa and rate of deformations observed to be decreased at all DoS level 
within 10,000 load cycles. When the σ1= 600 kPa at the third stress state, the 
specimens with higher confining pressures (125 and 175 kPa) exhibit lower rate of 
deformations while the specimens with the σ3=75 kPa had continuous increasing of 
the deformation, but with a low rate of deformation. At the final state of stress (σ1= 
750 kPa), rate of deformations were continued at σ3= 75 and 125 kPa while the rate 
of deformation approached zero at the highest confining pressure σ3=175 kPa. The 
figures show increase of the rate of deformations with increasing DOS level in each 
curve.  
The effect of principal stress on the permanent strain of RCA increased with 
decreasing confining pressure at all the moisture contents. The rate of deformations 
also decreased with increasing number of load cycles and this approaches zero when 
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the stress ratios (Principal axial stress: Confining pressure) are lower. When the 
stress ratios are higher, a continuous strain accumulation is observed within the 
10,000 load cycles, e.g: The σ1/σ3=10/1 at the fourth state of stress at σ3=75 kPa and 
σ1= 750. However, continuous accumulation of permanent strain can be observed 
even at the low stress ratios at higher moisture contents, e.g: The σ1/σ3=6/1 (750/125) 
at the fourth state of stress in the Figure 6.12 (c) and (d). 
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(c) 
 
(d) 
Figure 6.12 Permanent strain of the of the RCA at the different confining pressures at DoS 
of (a) 60% (b) 68% (c) 75% and (d) 80% 
6.6.2 Permanent Deformation Behaviour 
Different models for the permanent axial deformation of granular materials are 
available in the literature as mentioned in section 2.5.5. However, the obtained data 
on permanent strain from the test series-2 of RLT tests programme were analysed 
under a limited condition due to the RLT test programme was basically designed to 
characterise the resilient modulus of RCA concerning the moisture sensitivity. 
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Therefore, corresponding data of permanent strain does not show a consistency to 
develop a correlation by combining the stress level and number of loading cycles. 
Due to the above limitations, the permanent axial strain was modelled by splitting in 
to  two divisions (1) in terms of stress levels for fixed load cycles (2) in terms of 
number of load cycles for the given stress conditions. 
 
Permanent Axial Deformation for a Fixed Number of Load Cycles 
Studying the permanent strain with respect to the stress conditions is important, to 
evaluate the quality of the granular pavement materials. The accumulated strains at 
the end of each stress state (Figure 6.12) were extracted to analyse the permanent 
strain in term of the stress variation. The gained permanent strain values after each 
10,000 load cycle were plotted with corresponding stress ratio        and shown in 
Figure 6.13 (a), (b), (c) and (d). The four figures represent four DoS levels 60, 68, 
75, and 80%. According to the figures, the permanent strain of RCA was marginally 
affected at the low stress ratios and strain increased progressively with increasing 
stress ratios at the four water contents.  According to the best fitted curves in the 
figures, the permanent strain can be expressed as a function of ratio        for the 
10,000 load cycles as below: 
ε (Nref) = a              Eqn. 6.4 
Where, 
ε (Nref) = Permanent strain after a reference number of load cycles (10,000) 
σ1= Principal axial stress 
σ3= Confining stress 
a,b = Model parameters 
According to Equation 6.4, the permanent strain increases with increasing σ1 and 
decreasing σ3. The model depicts that permanent strain goes to infinite value while 
σ3approaches zero. However, the σ3in the compacted specimens cannot be absent 
since the component of shear cohesive strength contributes lateral confinement 
(Cerni et al. (2012)).  
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Table 6.5 shows all the regression results of the illustrated equation with the 
coefficient of determination “R2”. The curves for the above model equations exhibit 
higher values of the coefficient of determination (R
2
) indicating best fitting with the 
model parameters. However, R
2
 slightly diminishes with increasing moisture 
contents, indicating the inconsistent behaviour of the RCA at higher moisture 
contents. It is significant to highlight those regression parameter a is highly sensitive 
to moisture and considerably increased with the degree of saturation. This indicates 
the loss of cohesive properties of compacted specimens under higher moisture levels. 
  
(a)            (b) 
  
          (c)          (d) 
Figure 6.13  Permanent strain with stress ratio of RCA at 4 different degree of saturations 
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Table 6.5 Summary of regression results of permanent strain model 
Degree of 
saturation - % 
a  (10
-4
) Std.Err  (10
-4
) b Std.Err  (10
-4
) Std.Dev (10
-4
) R
2
 
60 6.5 4.314 1.648 0.293 3.254 0.95 
68 9.4 6.931 1.538 0.327 3.843 0.93 
75 10.0 8.790 1.55 0.389 4.746 0.83 
80 15 12.0 1.461 0.35 3.506 0.81 
 
Permanent Axial Deformation for a Given Stress Condition 
Limited data of RLT test series were analysed to model the permanent strain with 
respect to the number of load cycles at the selected stress conditions. The 
deformation behaviour of the first 10,000 load cycles of each test were considered, 
which were subjected to σ1=300 kPa with σ3=25, 75, 125, and 175 kPa.  The stress 
ratios were varied as 12/1, 12/3, 12/5, 12/7 at the corresponding moisture contents of 
60, 68, 75 and 80% of DoS levels.  
The Sweere’s (1990) model was chosen to predict the permanent deformation since it 
gave the most fitting model with the experimental data. His model can be written as; 
ɛp = a .                               Eqn.6.5 
Where, 
ɛp = Permanent strain 
N = Number of load cycles 
a,b = Regression parameters
 
Table 6.6 presents the regression parameters of equation 6.5 at the different stress 
ratios and DoS levels. The obtained parameter values are applicable to predict the 
deformation behaviour in a wide range of stress and water conditions shown in Table 
6.6. The best fitting curves had minimum error values and the standard deviation 
values depict the high accuracy and reliability of the used exponential model.   
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Figure 6.14 shows the prediction curves given by the model equation with the 
experimental results of permanent strains verses number of load cycles at the four 
levels of DoS and the stress ratio 12:1 (σ1/σ3 = 300/25). The markers indicate the 
experimental results and lines indicate the predicted values. The results of the highest 
stress ratio of 12/1 were selected to show as an example which describes the 
proposed model and have given fairly good predictions. The difference between the 
measured and predicted permanent strain values were less than 1.9X10
-3
 for all the 
values of four moisture levels. It can be observed that a slight difference appears at 
the beginning of the load cycles and this difference is absolutely negligible for the 
higher number of load cycles. The results show that the prediction of strain as a 
function of number of load cycles gives fairly good results. However, it should be 
concerned with the stress level and moisture content for the selection of parameters a 
and b when it applies for the predictions.  The obtained results of parameters cover a 
wide range of stress ratio, which represents higher value such as 12/1 as well as a 
range of moisture levels, which represent the high saturation levels such as 80% of 
DoS. Therefore, the results are applicable in a wide range of stress and moisture 
conditions to predict the permanent axial strain of RCA in pavement design. 
 
 
 
 
 
 
 
 
  Chapter 6: REPEATED LOAD TRIAXIAL TEST 
Shiran Jayakody                                                                                                                                                  155 
 
Table 6.6 Summary of regression results of permanent strain model 
DoS 
Stress ratio 
(σ1/σ3) 
a Std.Err b Std.Err Std.Dev 
60 
12/1 
1.8636 0.2708 0.173 0.017 0.0037 
68 1.7361 0.2567 0.2001 0.0173 0.0000761 
75 1.965 0.2585 0.1964 0.0154 0.0053 
80 2.3553 0.3209 0.1841 0.0159 0.0054 
60 
12/3 
2.4336 0.2074 0.0811 0.0101 0.000319 
68 1.6161 0.2149 0.126 0.0156 0.0004622 
75 0.8327 0.1168 0.1671 0.0164 0.0014 
80 2.1721 0.2149 0.0979 0.0117 0.0005287 
60 
12/5 
0.7587 0.0849 0.1238 0.0132 0.000414 
68 1.0974 0.1414 0.1116 0.0152 0.0011 
75 0.764 0.24 0.1397 0.03 0.0017 
80 2.1184 0.2484 0.0887 0.0139 0.000466 
60 
12/7 
1.0996 0.1271 0.0535 0.0137 0.0000736 
68 0.1146 0.0403 0.2987 0.0401 0.0033 
75 1.3278 0.127 0.0842 0.0113 0.0002059 
80 2.8775 0.1647 0.0433 0.0068 0.000046061 
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Figure 6.14 Comparison between predicted and experimental results of permanent axial 
strain at the stress ratio 12/1 
6.7 SUMMARY AND CONCLUSIONS 
This chapter dealt with investigating the mechanical behaviour of RCA under two 
test series of RLT test programmes. The laboratory characterisation was basically 
conducted to determine the effect of RAP on RCA in the first test series of the test 
programme. The mechanical behaviour of RAP blended RCA specimens was tested 
at two water contents, 60% and 68% of DoS levels. The major findings of the “Test 
series-1 of the RLT test programme” in terms of the effect of RAP on RCA are 
presented below: 
 Accumulation of permanent deformations were large at the higher moisture 
content (DoS=68%). Accumulated permanent strain of the first three samples 
(RM1-100/RAP0, RM1-95/RAP05, and RM1-90/RAP10) fluctuated within a 
small range at 1.5-2% indicating a continuing decrease of the rate of 
deformation. The specimens of RM1-85/RAP15 and RM1-80/RAP20 exhibit 
continuous increase of strain accumulation with comparatively higher 
permanent strains 3.2 and 3.7 respectively at the 50,000 load cycles. 
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RAP at about 10% in RCA exhibits good performance at the optimum 
moisture content.  
 Five samples have given appreciable results in their plastic deformation at the 
60% DoS level. The RM1-80/RAP20 specimen depicts permanent strain just 
above 1.8%while RM1-85/RAP15 depicts below 1.5% of permanent strain. 
The other three samples (RM1-100/RAP0, RM1-95/RAP5, RM1-90/RAP10) 
depict less than 1.2% of permanent strains at the end of 50,000 load cycles. 
Ultimately, all the specimens exhibited below 2% of permanent strains within 
50,000 load cycles. Observing the trend of increasing the deformation of the 
samples, it can be concluded that the presence of RAP up to about 15% in 
RCA specimens does not significantly affect the accumulation of permanent 
strain. However, the accumulation of permanent axial strain increased with a 
higher portion of RAP, such that over about 15%. 
 Corresponding moisture contents at 60% of DoS level of the RCA mixed 
with RAP samples exhibit best Mr. Higher Mr can be predicted for the five 
specimens since the resilient modulus curves exhibit continuously increasing 
rate at the end of 50,000 load cycles. In contrast, resilient modulus was 
significantly affected by the higher water level at the 68% of DoS and 
behaviour of Mr observed in a steady state with comparatively low values 
(190-178MPa). 
 Resilient modulus has dropped from 247 to 233 MPa with increasing RAP 
from 0 to 20% in RCA at 60% of DoS. A marginal decrease of Mr up to about 
15% of RAP and the trend of more considerable decrease with RAP portion 
of over 15% were observed. Therefore, the RAP portion over the 15% in 
RCA is not positively affected on the Mr.  
 According to the analysed results of accumulation of permanent strain and 
resilient modulus, it can be concluded that a higher RAP portion in RCA 
significantly affects the performance characteristics as a granular pavement 
material. Therefore, presence of RAP over the 15%, it is not recommended to 
mix in RCA for high quality performance as base layer material. 
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The second test series of the RLT test programme was based on the determination of 
resilient modulus and permanent deformation properties of clean RCA (RM001) 
under different stress and moisture conditions. The obtained results basically guided 
the following findings of elastic behaviour: 
 The resilient modulus of RCA is exhibited to be less affected by axial stress 
at the low confining pressures. 
 The decreasing confining pressure is negatively affected with increasing 
moisture contents on the resilient modulus at the similar axial stresses. 
 Decreasing rate of resilient modulus with increasing the degree of saturation 
increases at the higher confining pressures. 
The elastic behaviour of RCA was further analysed to predict the resilient modulus 
by enhancing the existing constitutive models. Three constitutive models were 
subjected to develop model parameters incorporating the stress conditions and 
moisture variation for the selected range of DoS level 60-80%. An additional three 
tests were conducted at three different water contents to validate the developed 
model parameters. The introduced model parameters fairly described predictions of 
resilient modulus when compared with the experimental results of validation tests. 
Therefore, the defined model parameters are accepted to predict the resilient modulus 
of RCA taking the moisture contents and stress values into account. It is important to 
highlight that the model parameters are defined for the moisture contents of 
corresponding DoS range of 60-80.     
In order to predict the axial strain, two constitutive models were introduced with 
computed model parameters. The first model was based on the stress variation at the 
given number of load cycles. The second model was based on the number of load 
repetitions at given stress and moisture conditions. It introduced a series of model 
parameters to predict the permanent strain with number of load repetitions with 
respect to the different stress conditions and moisture levels. It was given a good 
agreement with the tested results and predicted results from the constitutive models 
for the accumulation of the permanent strain of RCA. Therefore, the introduced 
model parameters are applicable in a wide range of stress and moisture conditions to 
predict the permanent axial strain of RCA in pavement design. 
 Chapter 7: WHEEL TRACKER TEST 
Shiran Jayakody                                                                                                                                                  159 
 
7Chapter 7: WHEEL TRACKER TEST 
7.1 INTRODUCTION 
The wheel tracker test programme was designed as the second test part of the 
“Testing programme-3”.  The main objective of the wheel tracker testing programme 
was to investigate the permanent deformation behaviour of RCA under a moving 
wheel load. The WT test programme was conducted within two test series to 
examine the effect of RAP in RCA in test series-1and the effect of moisture content 
on the permanent deformation characteristics of RCA in the test series-2.   
The WT test programme is presented in Section 7.2. Section 7.3 started with a brief 
introduction of the test series-1and 2 and results are discussed in Sections 7.3.1 and 
7.3.2. The conclusion of the study has been summarized at the end of the chapter in 
Section 7.4. 
7.2 WHEEL TRACKER (WT) TEST PROGRAMME 
The wheel tracker test programme was designed to determine the resistance of 
permanent deformation characteristics of the RCA under a moving wheel load. The 
influence of principal stress reorientation on the rutting response was determined 
under the WT test programme for reliable prediction of the in situ behaviour of the 
RCA. The moving wheel provides continuous change in the direction of principal 
stresses. The wheel in the WT test moves in both directions (towards and backwards) 
at the single cycle and provides the effect of bidirectional shear reversal as the load 
passes, which is highly influenced on rutting deformation. Therefore, a wheel tracker 
test was conducted on the samples as the most appropriate laboratory test to simulate 
the vehicular effect and for reliable prediction on the rutting resistance of RCA.  
The WT test programme was designed in two test series to determine the rutting 
resistance of RCA by focusing: 
1) Effect of RAP on the RCA 
2) Effect of moisture content on the RCA  
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Details of the wheel tracker test programme are discussed in Section 3.7.2 and in 
Table 3.6.  
7.3 CHARACTERISATION OF PERMANENT DEFORMATION 
The results of permanent deformations of the wheel tracker tests have been discussed 
within two sections to investigate the effect of RAP and moisture content on RCA. 
The test conditions, sample preparation and curing methods are discussed in Sections 
3.3.3 and 3.7.2. 
7.3.1 Effect of RAP on RCA 
The WT tests were performed on the same material mix ratios of RM001 and RAP 
similar to the “Testing programme 2” and shown in Table 7.1. Effect of RAP on 
RCA is determined for the corresponding moisture contents at 60% of DOS levels 
and MDDs.   
Table 7.1 Sample names with the mix ratios of RM001 and RAP 
Blended Sample Name RM001 (%) RAP (%) 
RM1-100/RAP0 100 0 
RM1-95/RAP5 95 5 
RM1-90/RAP10 90 10 
RM1-85/RAP15 85 15 
RM1-80/RAP20 80 20 
 
 
Figure 7.1 presents the rutting behaviour of the five specimens with the number of 
wheel passes. The rut formations of the first four samples (RM1-100/RAP0, RM1-
95/RAP05, RM1-90/RAP10, RM1-85/RAP15) are observed to have close behaviour 
with marginal increase of the deformation with increasing RAP portion. The 
accumulated rut depths are varying in a small range 0.81-1.18mm at the end of 
10,000 wheel passes. The deformation curve of RM1-80/RAP20 is clearly 
disassociated with the trend of the deformation behaviour of the other four samples 
and accumulated depth is 2.31mm at the end of 10,000 wheel passes. The 
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considerable gap of the rut depth between RM1-80/RAP20 and RM1-85/RAP15 
might be due to the combination of two factors such that there is effect of more RAP 
particles (20% of RAP) in RCA and achieved moisture contents of the compacted 
specimen. 
Effect of RAP particles on RCA can be explained under three aspects. 
1. In a high RCA percentage, more cement fines are added with more crushed 
concrete aggregates and these cement fines react with water and re-cementing 
process starts to harden the mixture of the recycled aggregates. When the 
RAP portion is high, the re-cementing process weakens with a low quantity 
of cement fines and reduces the stiffness.  
2. Particle size of the RAP represents a greater percentage of medium size 
particles (more than 65% of RAP particles are in the range of 1-10mm. 
Figure 5.3) Reduced quantity of coarser particles due to the replacement of 
RCA by the RAP causes a shortage of high stiff coarser particles. More 
medium sized particles present higher surface area available in equal volume 
of the specimen and make more shearing by facilitating higher deformation 
under a moving wheel load. 
3. The bitumen-coated RAP particles made poor interlocking between the 
particles at the compacted state, due to slipping and hydrophobic wet 
surfaces. This leads to weaken the load imparting to the contiguous 
aggregates and degrades the load distribution in the compacted specimens. 
Therefore, improper load distribution through the materials adversely affects, 
according to the higher the rut depth under a moving wheel load. 
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Figure 7.1 Permanent deformation under laboratory wheel-tracking of RCA  mixed with 
RAP 
Table7.2 presents that the achieved moisture content of RM1-80/RAP20 was 62.16% 
that is slightly higher than the target 60% of DoS value. Therefore, the achieved 
water content slightly affects to increase the permanent deformation value of the 
RM1-80/RAP20 sample. The achieved moisture contents of the other specimens 
were not much more deviated than the target values.   
Table 7.2 Summary of the wheel tracking tests of RCA mixed with RAP specimens 
Sample 
Target 
Water 
content-
% 
Achieved 
Water 
content-% 
Target 
DoS 
Achieved 
DoS 
Deformation 
in first 50 
cycles –mm 
(100 wheel 
passes) 
Maximum 
depth after 
5,000 cycles-
mm (10,000 
wheel passes) 
Deformation 
rate(mm/kcycle) 
between 50-
5,000  
RM1-
100/RAP0 
11.62 11.73 60 60.56 0.26 0.83 0.115 
RM1-
95/RAP5 
10.81 10.64 60 59.01 0.23 0.81 0.117 
RM1-
90/RAP10 
10.74 10.91 60 60.95 0.32 0.98 0.133 
RM1-
85/RAP15 
10.58 10.59 60 60.02 0.34 1.18 0.170 
RM1-
80/RAP20 
10.55 10.93 60 62.16 0.54 2.31 0.358 
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The shapes of curves of the first four (RM1-100/RAP0, RM1-95/RAP5, RM1-
90/RAP10, RM1-85/RAP15) samples are tending to the permanent deformation 
plateaus within the 10,000 wheel passes. The rutting behaviour of the five samples 
clearly appeared when it plotted the calculated rates of deformation with the wheel 
passes as shown in Figure 7.2 (a) and rates of deformation with the obtained rut 
depth as shown in Figure 7.2 (b). Figure 7.2 (a) depicts the rapid drop of rate of 
deformation within the first 500 wheel cycles in the five specimens. It explains the 
response on self-stabilization of the compacted specimens at the initial wheel 
loading. The number of wheel cycles initially taken to stabilise the specimens was 
slightly increased with the increase of RAP portion. Figure 7.2 (b) further illustrates 
the nature of the rate of deformation with rut formation. When the RAP portion is 
higher, the rate of deformation started with greater rut depths and higher rates of 
deformation.  
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(b) 
Figure 7.2 (a) Rate of permanent deformation versus wheel passes (b) Rate of permanent 
deformation versus rut depth for RCA  mixed with RAP 
The five samples become well stabilised after the rapid accumulation of the rut 
depths. The initial moving loads restructured the specimens with greater stiffness due 
to the secondary compaction of non-saturated materials (Dawson and Kolisoja  
2006). After this restructuring, the decreasing rate of deformation decreased and 
steadily behaved in very low values and approached 0 values. The behaviour of 
deformation rates explained that the five samples are in the range of plastic 
shakedown limit within 10,000 wheel passes (discussed in section 2.5.3). Therefore, 
the hardening of plastic strains can be expected, even if the deformation rates are 
going up with increasing the RAP up to 20% and at the 60% of DoS level.  
The deformation values presented in Table 7.2 explain that about a quarter of the 
deformation has occurred during the first 50 cycles of all samples. The initial 
stabilization of the specimen is assumed to avoid by sufficient compaction during the 
construction. The calculated deformation rates (in Table 7.2) between 50 and 5,000 
cycles further revealed that the rate of deformation increases with increasing RAP in 
RCA. However, the presented values indicated very low rates of deformation in all 
samples; those were below 0.55 mm/kcycle at the 605 of DoS level. 
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The accumulated rut depth values, shapes of the deformation curves and the rates of 
deformation indicate that the effect of RAP on the RCA in permanent deformation 
increases with greater portion of RAP. However, the effect is negligible at the low 
percentages, such that it is below 15% of RAP. Similar behaviour of rut deformation 
could be observed in the RLT tests series. The RLT results of RCA mixed RAP 
specimens in Figure 6.2 shows accumulated permanent strain at the same moisture 
content (DoS = 60%) and dry densities. Although the applied stresses and test 
conditions are dissimilar in the RLT and WT tests, it exhibited decreasing of the rut-
resistance of RCA above the 15% of RAP contents in both performance tests. 
Therefore, it concluded that use of RCA with RAP over 15% in granular pavements 
considerably affects, to increase the rutting deformation.  
 
7.3.2 Effect of Water Content 
The moisture sensitivity of clean RCA (RM1-100/RAP0) on the formation of rutting 
was investigated under the test series-2 of the wheel tracker test programme. Clean 
RCAs (RM001) were tested at five different water contents, such that corresponding 
moisture contents were at degree of saturation (DoS) 55, 60, 65, 68 (OMC), 75%. 
The moisture contents were selected above and below the OMC level. Low moisture 
values were included to represent the construction moisture level of the granular 
layers in flexible pavements. However, the achieved moisture contents were slightly 
deviated than the target moisture values which are presented in Table 7.3. The 
inconsistency of the material composition made it a difficult task to get the water 
level to an exact point. The sample preparation, compaction method of the 
specimens, curing time periods and testing conditions were applied similar to series-
1 of the WT test programme and discussed in section 3.3., 3.7.2 and Table 3.6.  
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Table 7.3 Summary of the wheel tracking tests of RCA specimens at different 
moisture contents 
Sample 
No: 
Target 
Water 
content -
% 
Achieved 
Water 
content-% 
Target 
DoS 
Achieved 
DoS 
Deformation 
in first 50 
cycles-mm 
(100 wheel 
passes) 
Maximum 
depth after 
5,000 cycles- 
mm (10,000 
wheel passes) 
Deformation 
rate(mm/kcycle) 
between 50-
5,000  
1 10.65 10.9 55 56.31 0.29 0.91 0.125 
2 11.62 11.73 60 60.56 0.26 0.83 0.115 
3 12.59 12.79 65 66.02 0.81 2.57 0.356 
4 
13.2 
(OMC) 
13.59 68 70.16 1.87 7.48 1.133 
5 14.53 14.34 75 74.00 2.24 7.96 1.156 
Figure 7.3 illustrates the rut formation with wheel passes at different moisture 
contents in RCA. The behaviour of the curves depicts the impact of moisture in 
formation of rutting while the all other conditions were similar. The two curves at the 
56 and 60% of DoS levels behaved in an almost similar range of deformation 
indicating the low sensitivity of moisture at the low degree of saturations. The 
accumulated rut depth values of these two specimens further revealed the higher 
resistance for the permanent deformation of RCA at well below the OMC.   
The RCA specimens at lower moisture levels exhibit a remarkable performance, 
having less than 1.00mm of rut depth (0.91 and 0.83mm of the first two samples 
respectively) at 60% and 56% of DoS levels. When the DoS level achieved 66% 
(below the OMC), the third specimen had rutting of 2.57mm. It is about a 1.5mm rise 
of deformation for 5.5% rise of DoS level from the second sample (DoS at 60.6%). 
The deformation has significantly increased at the 70% of DoS level (over the OMC) 
accumulating 7.48mm rut depth. This is about 5.00mm rise of deformation within 
4% rise of DoS level. Comparison of the three rut depths 0.83, 2.57, and 7.48mm at 
the corresponding DoS at 60.56, 66.6, and 70.1% exhibits that when the moisture 
content exceeds the OMC (68% of DoS) values, the rut depth significantly increased. 
It reveals a significant characteristic of RCA that is that the moisture sensitivity on 
the rut formation increases rapidly with increasing the moisture contents from a 
value of just below the OMC to a value of just over the OMC value.  
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Figure 7.3 Permanent deformation under laboratory wheel-tracking of the RCA at different 
moisture contents 
 
Figure 7.4 further illustrates the deformation behaviour of RCA with varying the 
moisture contents. The rate of deformation with respect to the number of wheel 
passes is shown in Figure 7.4 (a) and the rate of deformation with respect to the 
formation of rut depth is shown in Figure 7.4 (b). According to Figure 7.4 (a) the rate 
of deformation of the specimens approached the 0 within 10,000 wheel passes even 
at the higher moisture level over OMC. There is a rapid drop of the rate of 
deformation within the first 500 wheel passes in all samples. It explains the response 
on self-stabilization of the compacted specimens at the initial wheel loading. The 
number of wheel cycles taken to stabilise the specimens was slightly increased with 
the increase of moisture contents. Once the specimens were stabilized, the decreasing 
of the deformation rate has become low and indicates more hardening of the plastic 
strain. The steady and lower rates of deformation explain the behaviour mechanism 
of plastic strain which has reached the perfectly plastic shakedown during the 10,000 
wheel passes. Figure7.4 (b) further illustrates the moisture sensitivity on the rut 
formation of RCA. At the low moisture values the rate of deformation varied in a 
small range with small values. It appears there is a wide range of deformation rate 
within a wide range of rut depth when increasing the moisture contents. 
The accumulated rut depths are higher at the DoS 68 and 75%. The deformation 
curves of these two samples indicate constant decrease in deformation rates with the 
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number of wheel passes and hardening of plastic strains can be expected with more 
wheel passes. Therefore, it can be concluded that the plastic strain of RCA behaves 
within plastic shakedown region up to about 75% of DoS level. However, this needs 
more tests at higher moisture content for further clarification under moving wheel 
load.   
 
(a) 
 
(b) 
Figure 7.4 (a) Rate of permanent deformation versus wheel passes (b) Rate of permanent 
deformation versus rut depth at different moisture levels in RCA 
Table 7.3 presents the summary of rutting deformation in terms of number of wheel 
passes. According to the extract data of the specimens, a quarter of rut depth has 
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accumulated within the first 50 wheel passes. The consolidated depths at the initial 
loading have increased with increasing moisture contents due to the generation of 
pore water pressure and then weakening the load imparting through particles. The 
rates of deformation between the 50-5,000 cycles indicate very low values and values 
were just over 1mm/kcycle, only above the OMC values.   
The final rut depth and rate of deformation of the last two specimens did not show a 
significant variation, even when the DOS were increased from 70% to 74%. A 
rearrangement of material structure can be expected once it has passed the OMC 
value. It is an important characteristic of RCA at higher moisture level. Presenting 
more water weakens the material interlocks and is likely to stabilize after 
rearrangement of the material structure. However, rearrangement of material 
structure instead of its failure is an appreciable performance of RCA at higher 
moisture content. It explicates a steady behaviour of RCA under traffic loading even 
when the water table rises up in the rainy season.  
However, it suggests more tests to observe the rutting behaviour of RCA under 
moving wheel load at moisture contents over the OMC.   
7.4 SUMMARY AND CONCLUSIONS 
The effect of bidirectional shear reversal on the rutting deformation of RCA was 
investigated under the wheel tracker test programme. The WT test is the most 
effective test to simulate the condition of real road trafficking in laboratory scale to 
determine the rutting or permanent deformation characteristic of granular materials 
as well as to assess the material by ranking. 
Investigation was carried out to determine the effect of RAP and the effect of 
moisture contents on the rutting resistance of RCA. The WT test programme 
revealed significant characteristics of RCA and the major findings are presented 
below: 
 Accumulated rut depths of the first four samples (RM1-100/RAP0, RM1-
95/RAP05, RM1-90/RAP10, RM1-85/RAP15) varied in a small range 0.81-
1.18mm indicating a continuous decrease of the rate of deformation at the end 
of 10,000 wheel passes. Although the sample RM1-80/RAP20 exhibits the 
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highest rut depth 2.31mm, the rate of deformation has decreased at the end of 
the 10,000 wheel passes. According to the accumulated rut depths of the five 
samples, it can be concluded that the presence of RAP over about 15% in 
RCA will cause higher rutting deformations under moving wheel loads. 
 The shapes of deformation curves of the five samples are tending to the 
permanent deformation plateaus and the calculated rate of deformation values 
approached 0 within the 10,000 wheel passes. These two samples of evidence 
reveal that the plastic deformation is hardening in the five samples and 
behaves in the plastic shakedown region. Therefore, appreciable performance 
can be expected when the RAP is up to 20% in RCA after accumulation of 
greater rutting deformations.  
 The clean RCA at lower moisture levels at 60% and 56% of DoS levels 
exhibited a remarkable performance, having rut depth 0.91 and 0.83mm 
respectively that is less than 1.00mm at the end of 10,000 wheel passes. 
However, rut deformation gradually increased as 2.57, 7.48, and 7.96mm at 
the DoS levels 66, 70, and 74% respectively. Comparison of these rutting 
values reveals that when the moisture content exceeds the OMC (68% of 
DoS) the rut depth significantly increases in RCA. When the DoS is74% the 
rut depth is 7.96mm and does not show a significant difference to the rut 
depth at 70% of DoS (7.48mm). It reveals a significant characteristic of RCA, 
that is, the moisture sensitivity on the rut formation increases rapidly when 
the moisture contents exceed the OMC. 
 The shapes of deformation curves at the 56, 60 and 66% of DoS levels exhibit 
permanent deformation plateaus and perfect plastic shakedown behaviour 
within a 4,000 wheel passes. The calculated values of the rate of deformation 
at the five water contents confirmed that the rate of deformations are 
approached to 0 within the 10,000 wheel passes even if the accumulated rut 
depths increase with increasing moisture contents. The plastic deformation 
behaviour of the clean RCA reveals that the use of RCA as a granular 
pavement material makes an appreciable performance with minimum rutting 
deformation under traffic loading even when the water table rises up in the 
rainy season.  
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8Chapter 8: SUMMARY OF KEY FINDINGS AND 
RECOMMENDATIONS FOR FUTURE RESEARCH 
8.1 INTRODUCTION 
The research study was carried out to improve the current understanding on the RCA 
as an unbound pavement material. The approach to the work was divided into three 
parts of comprehensive laboratory experiments. In the first part of the study, 
characteristic and strength property tests were carried out to investigate the effect of 
constituents mixed with RCA at the crushing process and results were discussed in 
Chapter 4. In the second testing programme, the effect of RAP in RCA was 
investigated. Three test series of classification and strength property were carried out 
to investigate the temperature sensitivity of the bitumen of RAP particles on the 
blended samples and results discussed in Chapter 5. In the third part, performance 
characteristics were investigated by means of RLT and WT test apparatus and results 
were discussed in Chapters 6 and 7 respectively. Performance tests were conducted 
to investigate the effect of RAP on the mechanical properties and to investigate 
moisture sensitivity of RCA on the resilient strain and plastic strain. The conclusions 
of the analysed results have been detailed at the end of each Chapter 4, 5, 6, and 7. 
Therefore, this chapter presents only the key findings to emphasise the achieved 
objectives, and introduce guidelines to use RCA as granular pavement material. 
Section 8.2 expounds the applicability of the standard test methods to assess the 
properties of RCA, and Section 8.3 discusses the effect of RAP on the physical and 
mechanical properties of RCA. Section 8.4 summarizes the performance 
characteristics of clean RCA which are discussed in Chapter 6 and 7.The proposed 
guidelines for RCA to use as unbound pavement materials are discussed in Section 
8.5 to reflect the significant key findings of the research study. The suggestions for 
future research are presented in Section 8.6. 
 
Chapter 8: SUMMARY OF KEY FINDINGS  AND RECOMMENDATIONS FOR FUTURE RESEARCH 
 
172                                                                                                                                                  Shiran Jayakody                                                                                                                                                                                           
 
8.2 APPLICABILITY OF THE STANDARD TEST METHODS 
The outcomes of the laboratory test results revealed the applicability and required 
alterations of the standard test methods to investigate the characteristics of RCA. The 
key findings with respect to the classification and strength property tests are 
summarized below: 
 The particle size distribution of RCA exhibits well-graded before and after 
compaction. However, considerable particle breakage was observed during 
compaction. Therefore, it is recommended to obtain PSD of RCA products 
after compacting them into compaction moulds for its classifications. 
 Specific curing time periods were introduced for RCA at the strength property 
tests: CBR and UCS, and at the mechanical property tests: RLT and WT tests, 
to obtain the ultimate characteristics. The recommended curing time periods 
are; three hours of moisture homogenisation period for water mixed materials 
and four days of curing period for compacted specimens before performing the 
tests.  
 Even though the UCS test is not a common test for untreated granular 
pavement materials, RCA showed reasonable results without adding binder 
materials. Therefore, the UCS test is recommended to determine the binding 
effect of the residual cement present in RCA. 
 The adhering cement mortar attached with aggregates made a greater effect on 
TPF value test results. The conglomerate materials and adhering cement motar 
on the original aggregates contributed fines instead of crushing the aggregates 
with load increasing. Therefore, the TPF test is not a compatible test method to 
evaluate the crushing resistance of RCA. 
8.3 EFFECT OF RAP ON THE PROPERTIES OF RCA 
RAP as a major constituent, affects the physical and mechanical properties of RCA. 
The effect of RAP on the physical properties of RCA was discussed in Chapter 5 and 
the effect of RAP on the mechanical properties of RCA was discussed in Chapter 6 
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and 7. The results have been concluded at the end of each test and the key findings 
are presented below: 
 The UCS values of the RCA gradually decreased with increase of the RAP 
portion. RAP mixed RCA samples showed appreciable UCS values without 
any stabilization material due to the presence of residual cement.  It is noticed 
that unconfined compressive strength of RCA mixed with RAP up to 20% 
could be easily upgraded by adding a small quantity of binders according to 
the requirement of pavement applications.  
 CBR values also gradually decrease with increasing RAP in RCA. RCA has 
appreciable CBR and obtained soaked CBR values were above the CBR 80% 
when the RAP percentage is below 15%. CBR 80% is the minimum standard 
soaked CBR value for base layer material in high traffic volume roads (Table 
3.7). When RAP portion is 15% the soaked CBR behaved around 80% and 
when the RAP is beyond 15% in RCA, it tends to lower the soaked CBR. It is 
seen that the substitution of RAP over 15% leads to lower the load bearing 
capacity below the standard limit of high quality base layer material. 
 The permanent deformation behaviour (accumulated rut depths and plastic 
strains) shown in RLT and WT tests series, together concluded that  presence 
of RAP over about 15% in RCA will cause high permanent deformations due 
to the decreasing of rut-resistance. 
 Resilient modulus has dropped with increasing the RAP from 0 to 20% in 
RCA. It observed a slight decrease of resilient modulus up to about 15% of 
RAP and observed a possible trend of decreasing the resilient modulus with 
higher RAP portion about over 15%.  
 The resilient modulus of RAP mixed RCA samples exhibit continuous 
increase at the end of the applied 50,000 load cycles. Continuous increase of 
resilient modulus depicts the decreasing of elastic strain with the number of 
load cycles. Therefore, higher stiffness and resilient modulus can be predicted 
at the greater number of load cycles (beyond 50,000). 
According to the analysed results of accumulation of permanent strain and resilient 
modulus, it can be concluded that a higher RAP portion in RCA significantly affects 
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the performance characteristics as a granular pavement material. Therefore, the 
presence of RAP over the 15% is not recommended to be mixed in RCA to perform 
as a high quality pavement material. 
8.4 PERFORMANCE CHARACTERISTICS OF CLEAN RCA 
The significant characteristics of resilient modulus and permanent deformation 
properties of clean RCA (RM001) were observed under different stress and moisture 
conditions.  
The obtained results basically guided the following findings of elastic behaviour: 
 Resilient modulus decreases with increasing water content at all the stress 
conditions. 
 Decreasing rate of resilient modulus with degree of saturation increases at the 
higher confining pressures. 
 The sensitivity of principal axial stress on the resilient modulus is low at the 
low confining pressures. 
The elastic behaviour of RCA was further analysed to predict the resilient modulus 
by enhancing the existing constitutive models. Three constitutive models were 
subjected to develop model parameters incorporating the stress conditions and 
moisture variation for the selected range of DoS level 60-80%. The introduced model 
parameters fairly described predictions of resilient modulus when compared with the 
experimental results of validation tests. The predicted and measured results of the 
resilient modulus values observed slightly decreased resilient modulus values with 
increasing moisture contents. It depicts that elastic deformation of the RCA is not 
significantly affected by the higher moisture contents and does not show a significant 
impact of the “softening” of compacted specimens with increasing moisture in it. It is 
an appreciable characteristic of crushed concrete aggregates, which depicts its 
potential to withstand the load even at the higher moisture levels. It signifies the 
potential use of RCA with steady resilient deformation as the water table rises.   
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The clean RCA at lower moisture levels (below OMC) exhibits remarkable 
performance, having least rut depth and rate of deformation as it approaches zero. 
However, rut deformation gradually increases with increasing moisture content and 
dramatically increases over the OMC. It reveals a significant characteristic of RCA, 
that is, the moisture sensitivity on the rut formation increases rapidly when the 
moisture contents exceed the OMC. 
8.5 GUIDELINES FOR UTILIZATION OF RCA – BASED ON SUMMARRY OF KEY 
FINDINGS 
Comparisons of the result of physical properties with standard material specifications 
(shown in Table 3.7) and the analysed results of mechanical properties do ensure that 
RCA has the potential to be applied as granular pavement material in high traffic 
volume roads. However, RCA should be used in conjunction with particular 
guidelines on the construction of road pavements. The key findings of the research 
study introduce the following guidelines for using RCA as an unbound pavement 
material: 
 It recommends using PSD obtained after compaction when classifying RCA.  
 Range of Degree of saturation 55-60% is best for the compaction of RCA 
layers. 
 Three hours curing time period is best for the water-mixed RCA for moisture 
homogenisation prior to compaction. 
 Four days curing period is suggested to complete the re-cementing process 
for the compacted RCA layers before it opens for traffic.  
 It is recommended to evaluate both elastic and plastic behaviour of RCA for 
the detailed information of pavement design.  
 It is recommended that less than 15% of RAP in RCA for using as base layer 
material in high traffic volume roads. 
The proposed guidelines have further been discussed under the following sections. 
8.5.1 Particle Breakage and Particle Size Distribution (PSD) of RCA 
The particle size distribution curves of the RCA before and after the compaction 
illustrate considerable particle breakage during the compaction. As an example: 
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Figure 4.2 (a) indicates the deviation of PSD curves of RCA (RM001) before and 
after compaction and the coefficient of curvature value and coefficient of uniformity 
value were decreased from  2.8 to 1.5  and 21.7 to 18.0 respectively. The decreased 
coefficient values indicate the reduction of the particle size after compaction.  
Therefore, it is recommended to use PSD obtained after compaction when classifying 
RCA samples.    
The particle size distribution of the RCA is not in the range of PSD of high quality 
base layer material (Material subtype 2.1) (see Figure 4.1). The coaser particles of 
RCA are within the range of “Material subtype 2.2 and 2.3” while the finer portion of 
the RCA is still less than the “Material subtype 2.2 and 2.3” (Appendix E). The 
“Material subtype 2.2” is the specified material type for base layers in low traffic 
volume roads (ESA < 10
6
) and “Material subtype 2.3” is the standard material type 
for sub-base layers in high traffic volume roads (ESA > 10
6
) (Table 3.7). 
Even though the PSD of RCA does not meet the gradation of Material subtype 2.1, 
the strength properties are shown to be in the range of high quality base layer 
material. 
Higher strength and stiffness than the obtained results can be expected; with 
modification of particle size distribution of the RCA to meet the specifications of 
base layer materials (modification of the PSD can be done by introducing the 
adjustment for the crushing process and/or adding materials from out sources to fulfil 
the required material sizes). Modification of the gradation has to be done to fulfil the 
following requirements of the particle size distribution; 
 The particles of 20-30 mm in size have to be maintained between 10-30%, 
which is observed as below 5% in RCA. 
 The particles of 30-40 mm in size have to be maintained between 0-15%, 
which is not available in RCA. 
 The particles size < 0.1 mm in RCA have to be maintained in a range of about 
4-16%, which is observed below 2% in RCA. 
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8.5.2 Moisture content 
The best moisture contents for the compaction of RCA layers are the corresponding 
DoS levels in the range of 55-60%. 
The rutting resistance was examined under WT test by simulating in situ conditions 
of a pavement. It applied the influence of bidirectional shear reversal by means of a 
moving wheel load. RCA showed the least rutting deformation below 1.0 mm under 
the moving wheel load and rutting deformation curves became plateaus with rate of 
deformation approaching to zero value in WT test.  
8.5.3 Curing time for the RCA 
Appreciable strength and stiffness characteristics were observed in RCA although the 
PSD does not meet the specification of high quality base layer materials. Residual 
cement fines are the major influencing factor for the appreciable strength and 
stiffness of RCA. When the water was mixed with residual cement in RCA, 
hydration and pozzolanic reactions occurred and gained more strength. During the 
curing time period, previously unhydrated cement was exposed to moisture and 
formed additional cementitious products through hydration reactions. If the alkalinity 
(pH value) is high in the RCA, pozzolanic reactions may also occur.  Therefore, it 
required a sufficient time period for the re-cementing process to gain higher strength 
and stiffness. Following curing periods are introducing to achieve higher 
performance in flexible pavements with RCA: 
 Three hours curing time period for the water mixed RCA materials for 
moisture homogenisation prior to begin the compaction. 
 Four days curing period is suggested to complete the re-cementing process 
for the compacted RCA layers before being opened to traffic.  
It is recommended that the same curing time periods be used for the strength 
property tests CBR, UCS and performance tests RLT and WT to explore the ultimate 
characteristics of RCA. 
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8.5.4 Evaluate the Resilient Modulus and Permanent Deformation 
RCA does not exhibit greater resilient moduli compared to the high standard base 
layer materials within tested loading cycles 50,000 in RLT test. 
In contrast, RCA shows a continuous increasing in the resilient modulus with number 
of loading cycles when it has water content below the optimum moisture content (at 
60% of DoS).  Lower resilient modulus indicates higher elastic deformation at the 
initial loading cycles and increasing behaviour of resilient modulus indicates 
hardening of the elastic strain with increasing loading cycles. Although resilient 
modulus is lower at the beginning, higher resilient modulus can be expected with 
increasing the stiffness at greater number of load cycles.  
Moisture content (DoS) has a slight effect on the resilient modulus of the RCA in the 
range of 60-80% of DoS. As an example, resilient modulus varied from 242 MPa to 
202 MPa at the variation of DoS from 60% to 80% and at the similar stress 
conditions (σ1 = 600 kPa and σ3 = 175 kPa). The high capacity of water absorption of 
the RCA (in section 4.3.6) reduces the moisture sensitivity on the elastic behaviour 
of RCA.  
RCA exhibited higher resistance against the plastic deformation under both 
repetitive loads and moving wheel loads.  
The accumulated permanent strain was below 1% under both repetitive loads at the 
RLT test and moving loads at the WT test within 10,000 cycles at the range of DoS 
55-60%. The shapes of deformation curves are tending to the permanent deformation 
plateaus and the calculated rate of deformation values approached 0 within the 
10,000 wheel passes. These two evidences reveal that the plastic deformation is 
hardening and behaves in the plastic shakedown region. However, RCA exhibits 
higher resistance for permanent deformation while the resilient modulus does not 
appear as great as in high quality base materials. 
It is important to note that RCA has higher resistance on permanent deformation 
even it exhibits low resilient moduli.  
It is recommended to evaluate the performance characteristics of RCA by giving 
priority to the permanent deformation resistance.  
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When RCA is evaluated by means of performance tests and/or using the available 
constitutive models, it is essential to assess both the resilient modulus and permanent 
strain to accurately examine the performance. The introduced constitutive models (in 
Chapter 6) are viable to predict the resilient modulus and permanent strain of RCA at 
a wide range of stress conditions and the moisture contents at the range of 60-80% of 
DoS level. 
8.5.5 Presence of RAP in RCA 
RCA have comparable characteristics to those of high quality pavement materials 
that are used in granular pavement layers. However, the presence of RAP as a major 
constituent in RCA weakened the material properties. Effects of RAP in RCA in 
terms of physical and mechanical properties are summarized below. 
Effect of RAP in RCA-Based on its classification and strength properties 
Physical properties ensure that RCA (sourced from clean concretes) have sufficient 
strength to apply as base layer material in high traffic volume roads. Strength of the 
RCA gradually decreases with increasing the RAP portion. According to the material 
classification method of QDTMR, RCA can be classified as “Material subtype 2.1” 
(high quality base layer material) when the RAP percentage is below 15%. When the 
RAP content is greater than 15%, classification and strength properties dropped 
below the specified values.  
RCA with 20% of RAP exhibits sufficient strength (e.g. soaked CBR strength is over 
60%) to be classified as “Material subtype 2.2” which is the specified material type 
for base layer material in low traffic volume roads (ESA < 10
6
). 
Therefore, it can be concluded from the results of physical properties that the RCA 
can be considered as base layer granular material when it consists of less than 15% 
of RAP.  
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Effect of RAP on RCA-Based on Mechanical Properties 
Resilient Modulus 
RCA (sourced from clean concretes) exhibits resilient modulus around 246 MPa that 
is in the middle range of the resilient modulus compared to the standard pavement 
granular materials and in the lower bound compared to the high quality base layer 
materials’ modulus range (Table 3.11 and 3.12). Resilient moduli of RCA drop from 
246 MPa to 233 MPa with the increase in RAP up to 20% in RCA. Although the 
range of modulus does not show a significant difference, it illustrates the trend of 
deformation of the modulus with increase in the RAP over about 15% in RCA 
(Figure 6.4).   
Resilient modulus increases with the number of loading cycles. Therefore, higher 
resilient modulus can be expected with time when a road is opened to traffic. This 
gain of resilient modulus can compensate the negative effect of RAP when it more 
than 15% in RCA.  
Permanent deformation 
Permanent deformation was investigated under repetitive loading in RLT tests and 
moving wheel loading in WT tests. The results of these tests exhibit that RAP in 
RCA has an adverse effect on the permanent deformation. Effect of RAP does not 
appear sensitive at the lower percentage below 15% and accumulation of permanent 
axial deformation increases with higher RAP portion (above 15%). However, the 
rates of deformation approach zero even at the 20% of RAP and indicate the 
hardening of permanent strain after a sudden accumulation of deformation. This 
illustrates a steady behaviour of permanent deformation although the accumulated rut 
depth increases with the increase of RAP percentage. 
Considering the rutting resistance, it is recommended there be a use of less than 15% 
of RAP in RCA to minimize the net accumulated rut depth in the base layer of high 
traffic volume roads. 
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Note: Effect of RAP particles on RCA highlights the decreasing trend of both 
physical and mechanical properties. It can be explained by four factors when the 
RCA is replaced by RAP: 
1. The higher the RCA percentage is, the greater the amount of residual cement; 
cement reacts with water and initiates are-cementing process to increase 
particle bonding and that results in higher stiffness and strength (Section 
2.8.1). The higher the RAP percentage in RCA, the smaller the amount of 
residual cement and therefore, lowers stiffness.  
2. Particle size of the RAP represents a greater percentage of medium size 
particles (more than 65% of RAP particles are in the range of 1-10 mm, 
Figure 5.3) Reduced quantity of coarser particles due to the replacement of 
RCA by the RAP leads to a shortage of high stiff coarser particles. More 
medium sized particles present higher surface area, available in equal volume 
of the specimen, and make more shearing by facilitating higher deformation 
under a moving wheel load. 
3. The bitumen-coated RAP particles have poor interlocking between the 
particles at the compacted state, due to slipping and hydrophobic wet 
surfaces. This lubricating effect of the bitumen-coated materials weakens the 
load imparting to the contiguous aggregates and degrades the load 
distribution in the compacted specimens. Therefore, improper load 
distribution through the materials has an adverse effect, on increasing the rut 
depth under a moving wheel load. 
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8.6 FUTURE RESEARCH STUDIES AND SUGGESTIONS 
The following recommendations suggest further expanding of awareness on the use 
of RCA as an unbound pavement material. 
 Investigate the properties of RCA after improving the particle size 
distribution (PSD) to meet the standard base layer materials’ PSD.  
  Investigate the permanent deformation behaviour of RCA mixed with RAP 
samples at different water contents (over the optimum moisture contents) and 
stress conditions.   
 Investigate the permanent strain of RCA under different stress conditions and 
moisture contents to enhance a constitutive model. 
 Investigate the in-situ performance of RCA by constructing an instrumental 
test pavement. 
 Use the material properties of RCA to develop an appropriate material model 
to apply for numerical analysis of the behaviour of pavements, by simulating 
the real traffic conditions.  
 Conduct a cost analysis to reveal the economic benefits when replacing the 
virgin aggregates by RCA, by considering different perspectives such as 
mining, crushing, and transportation activities.   
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Appendix 
APPENDIX -A 
Moisture–density relation graphs of the samples in three test series of “Testing 
Programme-2”. 
 
 
Figure A.1 Density-moisture relation curve for not oven dried samples (NODS) 
 
Figure A.2 Density-moisture relation curve for oven dried samples (ODS) 
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Figure A.3 Density-moisture relation curve for ignites samples (IS) 
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APPENDIX- B 
Repeated load tri-axial test (RLT) - Resilient modulus tests results at the four 
different degree of saturations; 60, 68 (OMC), 75, and 68%. Average resilient 
modulus for 10,000 loading cycles was considered at the each stress condition.  
σ3(kPa) σ1(kPa) σd(kPa) 
Obtained resilient modulus values at the “RLT test 
programme”  (MPa) 
DOS=60%Mpa) DOS=68% DOS=75% DOS=80% 
25 300 275 126.407 123.750 117.360 111.790 
75 300 225 167.315 158.190 152.250 148.760 
75 450 375 170.333 164.370 157.350 155.440 
75 600 525 175.482 168.750 158.230 155.780 
75 750 675 176.674 172.080 161.970 158.470 
125 300 175 183.446 173.460 164.310 160.080 
125 450 325 190.752 183.390 172.390 167.840 
125 600 475 194.029 183.640 178.110 172.800 
125 750 625 212.485 189.600 181.640 172.950 
175 300 125 188.186 194.870 186.170 177.530 
175 450 275 220.398 202.260 197.320 189.070 
175 600 425 234.297 219.630 211.030 198.960 
175 750 575 242.319 220.700 212.390 202.890 
 
σ3 = Confining Pressure 
σ1 = Principal axial stress 
σd= Deviator stress  (σ1-σ3) 
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APPENDIX -C 
The best fitting graphs for the constitutive resilient model parameter ki values versus 
moisture contents. The ki values are varying in between the moisture contents of 
corresponding degree of saturation 60%-80. 
ki= model parameter (i=1,2,3) 
w = moisture content 
 
FOR THE EQUATION 6.1 
         
 
  
 
  
 
The resulted expressions for the k-w relation are; 
k1 = -0.0435 w + 1.3397 
k2 = 0.0088 w + 0.3009 
 
 
 
Figure C.1 Best fitting graphs for the  k1 values versus moisture contents in 
Equation 6.1 
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Figure C.1 Best fitting graphs for the  k2 values versus moisture contents in 
Equation 6.1 
 
FOR THE EQUATION 6.2 
         
 
  
 
  
 
    
  
 
  
 
The resulted expressions for the k-w relation are; 
k1 = 0.0201 w2 - 0.5517w + 4.4008 
k2 = -0.0216 w2 + 0.5629 w - 3.1144 
k3 = 0.0177 w2 -0.4531w + 2.7834 
 
Figure C.3 Best fitting graphs for the  k1 values versus moisture contents in 
Equation 6.2 
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Figure C.4 Best fitting graphs for the  k2 values versus moisture contents in 
Equation 6.2 
 
Figure C.5 Best fitting graphs for the  k3 values versus moisture contents in 
Equation 6.2 
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FOR THE EQUATION 6.3 
       
  
  
 
  
 
    
  
 
  
 
The resulted expressions for the k-w relation are; 
k1 = 1.1099 w2 - 34.264 w + 375.87 
k2 = -0.0216 w2 + 0.5639 w - 3.1221 
k3 = 0.016 w2 - 0.4111 w + 2.5162 
 
Figure C.6 Best fitting graphs for the  k1 values versus moisture contents in 
Equation 6.3 
 
Figure C.7 Best fitting graphs for the  k2 values versus moisture contents in 
Equation 6.3 
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Figure C.8 Best fitting graphs for the  k3 values versus moisture contents in 
Equation 6.3 
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APPENDIX- D 
Particle size distribution (PSD) of the RCA (RM001) is to compare with the PSD of 
Material subtype 2.2/2.3. 
 
 
Figure D.1  Gradation curves for RCA (RM001)  with maximum & minimum curves of 
subtype 2.2 and 2.3 materials 
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